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Preface 


This textbook is intended for students who wish to obtain an introduction to 
the theory of partial differential equations (PDEs, for short), in particular, 
those of elliptic type. Thus, it does not offer a comprehensive overview of 
the whole field of PDEs, but tries to lead the reader to the most important 
methods and central results in the case of elliptic PDEs. The guiding ques- 
tion is how one can find a solution of such a PDE. Such a solution will, of 
course, depend on given constraints and, in turn, if the constraints are of 
the appropriate type, be uniquely determined by them. We shall pursue a 
number of strategies for finding a solution of a PDE; they can be informally 
characterized as follows: 


(0) Write down an explicit formula for the solution in terms of the given 

data (constraints). 
This may seem like the best and most natural approach, but this is 
possible only in rather particular and special cases. Also, such a formula 
may be rather complicated, so that it is not very helpful for detecting 
qualitative properties of a solution. Therefore, mathematical analysis has 
developed other, more powerful, approaches. 

(1) Solve a sequence of auxiliary problems that approximate the given one, 

and show that their solutions converge to a solution of that original prob- 
lem. 
Differential equations are posed in spaces of functions, and those spaces 
are of infinite dimension. The strength of this strategy lies in carefully 
choosing finite-dimensional approximating problems that can be solved 
explicitly or numerically and that still share important crucial features 
with the original problem. Those features will allow us to control their 
solutions and to show their convergence. 

(2) Start anywhere, with the required constraints satisfied, and let things flow 

toward a solution. 
This is the diffusion method. It depends on characterizing a solution 
of the PDE under consideration as an asymptotic equilibrium state for 
a diffusion process. That diffusion process itself follows a PDE, with an 
additional independent variable. Thus, we are solving a PDE that is more 
complicated than the original one. The advantage lies in the fact that we 
can simply start anywhere and let the PDE control the evolution. 
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(3) Solve an optimization problem, and identify an optimal state as a so- 
lution of the PDE. 
This is a powerful method for a large class of elliptic PDEs, namely, 
for those that characterize the optima of variational problems. In fact, 
in applications in physics, engineering, or economics, most PDEs arise 
from such optimization problems. The method depends on two princi- 
ples. First, one can demonstrate the existence of an optimal state for a 
variational problem under rather general conditions. Second, the optimal- 
ity of a state is a powerful property that entails many detailed features: 
If the state is not very good at every point, it could be improved and 
therefore could not be optimal. 

(4) Connect what you want to know to what you know already. 
This is the continuity method. The idea is that, if you can connect your 
given problem continuously with another, simpler, problem that you can 
already solve, then you can also solve the former. Of course, the contin- 
uation of solutions requires careful control. 


The various existence schemes will lead us to another, more technical, but 
equally important, question, namely, the one about the regularity of solutions 
of PDEs. If one writes down a differential equation for some function, then one 
might be inclined to assume explicitly or implicitly that a solution satisfies 
appropriate differentiability properties so that the equation is meaningful. 
The problem, however, with many of the existence schemes described above 
is that they often only yield a solution in some function space that is so large 
that it also contains nonsmooth and perhaps even noncontinuous functions. 
The notion of a solution thus has to be interpreted in some generalized sense. 
It is the task of regularity theory to show that the equation in question forces 
a generalized solution to be smooth after all, thus closing the circle. This will 
be the second guiding problem of the present book. 

The existence and the regularity questions are often closely intertwined. 
Regularity is often demonstrated by deriving explicit estimates in terms of 
the given constraints that any solution has to satisfy, and these estimates 
in turn can be used for compactness arguments in existence schemes. Such 
estimates can also often be used to show the uniqueness of solutions, and of 
course, the problem of uniqueness is also fundamental in the theory of PDEs. 

After this informal discussion, let us now describe the contents of this 
book in more specific detail. 

Our starting point is the Laplace equation, whose solutions are the har- 
monic functions. The field of elliptic PDEs is then naturally explored as a 
generalization of the Laplace equation, and we emphasize various aspects on 
the way. We shall develop a multitude of different approaches, which in turn 
will also shed new light on our initial Laplace equation. One of the important 
approaches is the heat equation method, where solutions of elliptic PDEs 
are obtained as asymptotic equilibria of parabolic PDEs. In this sense, one 
chapter treats the heat equation, so that the present textbook definitely is 
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not confined to elliptic equations only. We shall also treat the wave equation 
as the prototype of a hyperbolic PDE and discuss its relation to the Laplace 
and heat equations. In the context of the heat equation, another chapter de- 
velops the theory of semigroups and explains the connection with Brownian 
motion. 

Other methods for obtaining the existence of solutions of elliptic PDEs, 
like the difference method, which is important for the numerical construction 
of solutions; the Perron method; and the alternating method of H.A. Schwarz; 
are based on the maximum principle. We shall present several versions of the 
maximum principle that are also relevant for applications to nonlinear PDEs. 

In any case, it is an important guiding principle of this textbook to develop 
methods that are also useful for the study of nonlinear equations, as those 
present the research perspective of the future. Most of the PDEs occurring 
in applications in the sciences, economics, and engineering are of nonlinear 
types. One should keep in mind, however, that, because of the multitude of 
occurring equations and resulting phenomena, there cannot exist a unified 
theory of nonlinear (elliptic) PDEs, in contrast to the linear case. Thus, 
there are also no universally applicable methods, and we aim instead at doing 
justice to this multitude of phenomena by developing very diverse methods. 

Thus, after the maximum principle and the heat equation, we shall 
encounter variational methods, whose idea is represented by the so-called 
Dirichlet principle. For that purpose, we shall also develop the theory of 
Sobolev spaces, including fundamental embedding theorems of Sobolev, Mor- 
rey, and John—Nirenberg. With the help of such results, one can show the 
smoothness of the so-called weak solutions obtained by the variational ap- 
proach. We also treat the regularity theory of the so-called strong solutions, 
as well as Schauder’s regularity theory for solutions in Holder spaces. In this 
context, we also explain the continuity method that connects an equation 
that one wishes to study in a continuous manner with one that one under- 
stands already and deduces solvability of the former from solvability of the 
latter with the help of a priori estimates. 

The final chapter develops the Moser iteration technique, which turned 
out to be fundamental in the theory of elliptic PDEs. With that technique one 
can extend many properties that are classically known for harmonic functions 
(Harnack inequality, local regularity, maximum principle) to solutions of a 
large class of general elliptic PDEs. The results of Moser will also allow 
us to prove the fundamental regularity theorem of de Giorgi and Nash for 
minimizers of variational problems. 

At the end of each chapter, we briefly summarize the main results, occa- 
sionally suppressing the precise assumptions for the sake of saliency of the 
statements. I believe that this helps in guiding the reader through an area 
of mathematics that does not allow a unified structural approach, but rather 
derives its fascination from the multitude and diversity of approaches and 
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methods, and consequently encounters the danger of getting lost in the tech- 
nical details. 

Some words about the logical dependence between the various chapters: 
Most chapters are composed in such a manner that only the first sections are 
necessary for studying subsequent chapters. The first—rather elementary— 
chapter, however, is basic for understanding almost all remaining chapters. 
Section 2.1 is useful, although not indispensable, for Chapter 3. Sections 4.1 
and 4.2 are important for Chapters 6 and 7. Sections 8.1 to 8.4 are fundamen- 
tal for Chapters 9 and 12, and Section 9.1 will be employed in Chapters 10 
and 12. With those exceptions, the various chapters can be read indepen- 
dently. Thus, it is also possible to vary the order in which the chapters are 
studied. For example, it would make sense to read Chapter 8 directly after 
Chapter 1, in order to see the variational aspects of the Laplace equation (in 
particular, Section 8.1) and also the transformation formula for this equa- 
tion with respect to changes of the independent variables. In this way one is 
naturally led to a larger class of elliptic equations. In any case, it is usually 
not very efficient to read a mathematical textbook linearly, and the reader 
should rather try first to grasp the central statements. 

The present book can be utilized for a one-year course on PDEs, and if 
time does not allow all the material to be covered, one could omit certain 
sections and chapters, for example, Section 3.3 and the first part of Section 3.4 
and Chapter 10. Of course, the lecturer may also decide to omit Chapter 12 
if he or she wishes to keep the treatment at a more elementary level. 

This book is based on a one-year course that I taught at the Ruhr Univer- 
sity Bochum, with the support of Knut Smoczyk. Lutz Habermann carefully 
checked the manuscript and offered many valuable corrections and sugges- 
tions. The TX work is due to Micaela Krieger and Antje Vandenberg. 

The present book is a somewhat expanded translation of the original 
German version. I have also used this opportunity to correct some misprints in 
that version. I am grateful to Alexander Mielke, Andrej Nitsche, and Friedrich 
Tomi for pointing out that Lemma 4.2.3, and to C.G. Simader and Matthias 
Stark that the proof of Corollary 8.2.1 were incorrect in the German version. 


Leipzig, Germany Jurgen Jost 
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For this new edition, I have written a new chapter on reaction-diffusion equa- 
tions and systems. Such equations or systems combine a linear elliptic or 
parabolic differential operator, of the type extensively studied in this book, 
with a non-linear reaction term. The result are phenomena that can be ob- 
tained by neither of the two processes — linear diffusion or non-linear reaction 
as in ordinary differential equations or systems — in isolation. The patterns 
resulting from this interplay of local non-linear self-interactions and global 
diffusion in space, such as travelling waves or Turing patterns, have been pro- 
posed as models for many biological and chemical structures and processes. 
Therefore, such reaction-diffusion systems are very popular in mathemat- 
ical biology and other fields concerned with non-linear pattern formation. 
In mathematical terms, their success stems from the fact that, through a 
combination of the PDE techniques developed in this book and some dynam- 
ical systems methods, a penetrating and often rather complete mathematical 
analysis can be achieved. — This new chapter is inserted after Chapter 4 that 
deals with linear parabolic equations, since this is the area of PDEs that is 
basic for studying reaction-diffusion equations. While the new chapter thus 
finds its most natural place there, occasionally, we also need to invoke some 
results from subsequent chapters, in particular from §9.5 about eigenvalues of 
the Laplace operator. Still, we find it preferable to discuss reaction-diffusion 
equations and systems at this earlier place so that we can emphasize the 
parabolic diffusion phenomena. This chapter also provides us with the op- 
portunity of a glimpse at systems of PDEs as opposed to single equations. 
That is, we study scalar functions each of which satisfies a PDE and which 
are coupled through non-linear interaction terms. Of course, the field of sys- 
tems of PDEs is richer than this, and more difficult couplings are possible 
and important, but this seems to be the point to which we can reasonably 
get in an introductory textbook. 


I have also rewritten §11.1 (§10.1 in the previous edition, but due to the 
insertion of the new chapter, subsequent chapter numberings are shifted in 
the present edition) on the Holder regularity of solutions of the Poisson equa- 
tion. The previous proof had a problem. While that problem could have been 
resolved, I preferred to write a new proof based on scaling relations that is 
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perhaps more insightful than the previous one. 


The new edition also contains numerous other additions, about Neumann 
boundary value problems, Poincaré inequalities, expansions,..., as well as 
some minor (mostly typographical) corrections. I thank some careful readers 
for relevant comments. 


Leipzig, Aug.2006 Jiirgen Jost 


Contents 


Introduction: What Are Partial Differential Equations? ....... 


1. 


The Laplace Equation as the Prototype of an Elliptic Partial 
Differential Equation of Second Order .................... 
1.1 Harmonic Functions. Representation Formula for the Solution 
of the Dirichlet Problem on the Ball (Existence Techniques 0) 
1.2. Mean Value Properties of Harmonic Functions. Subharmonic 
Functions. The Maximum Principle ....................4-. 


The Maximum Principle.................. 0.0. cece eee 
2.1 The Maximum Principle of E. Hopf......................-. 
2.2. The Maximum Principle of Alexandrov and Bakelman ...... 
2.3 Maximum Principles for Nonlinear Differential Equations... . 


Existence Techniques I: Methods Based on the Maximum 
Principle: 55 sc sa ends chores he iaeab bia ce Mths dak pam ee es 
3.1 Difference Methods: Discretization of Differential Equations. . 
3.2 The Perron Method............... 200: e eee eee ee eens 
3.3 The Alternating Method of H.A. Schwarz.................. 
3.4 Boundary Regularity............ 0... eee eee eee eee eee 


Existence Techniques II: Parabolic Methods. The Heat 
EiGUatiON: so.co%e and Peak sak anee wa de RE SAV ESE AREER ceo 
4.1 The Heat Equation: Definition and Maximum Principles... .. 
4.2 The Fundamental Solution of the Heat Equation. The Heat 
Equation and the Laplace Equation....................0-5 
4.3 The Initial Boundary Value Problem for the Heat Equation . . 
AA: Discrete. Methods s+ .cs.4 4 cies sek be eeaeeeede needa eka 


Reaction-Diffusion Equations and Systems................ 
5.1 Reaction-Diffusion Equations ............ 00.0002 cee eee eee 
5.2 Reaction-Diffusion Systems ........... 00.00 cee eee eee eee 
bo ‘The Turing Mechanisti.:.. .. i244. tdeneddee deine tad 


1 


xii 


10. 


11. 


Contents 


The Wave Equation and its Connections with the Laplace 


and Heat Equations ............ 0.0... e cece eens 139 
6.1 The One-Dimensional Wave Equation ...................-. 139 
6.2. The Mean Value Method: Solving the Wave Equation 

through the Darboux Equation.....................0 2005. 143 
6.3 The Energy Inequality and the Relation 

with the Heat: Bquation .< 4246. aeeiaeeeiGd cetd wena dened 147 
The Heat Equation, Semigroups, and Brownian Motion... 153 
(al ,SCMICTOUPS!<0i.5.04tiw gad ee at ee abe ad heeded 153 
7.2 Infinitesimal Generators of Semigroups .................... 155 
Ge Brownian. Moon... cicad cote one be Buk ede oe Bad oes 171 


The Dirichlet Principle. Variational Methods for the Solu- 


tion of PDEs (Existence Techniques III) .................. 183 
8.1, -Dirichlet’s Principles o<.¢ csc. oa ech diedee ph ohapaaed Bence 183 
8.2 The Sobolev Space Wh? oo... nes 186 
8.3 Weak Solutions of the Poisson Equation ..................-. 196 
8.4 Quadratic Variational Problems .....................020-5 198 
8.5 Abstract Hilbert Space Formulation of the Variational Prob- 

lem. The Finite Element Method .....................-4-5 201 
8.6 Convex Variational Problems .................0000 00s ee 209 
Sobolev Spaces and L? Regularity Theory ................ 219 
9.1 General Sobolev Spaces. Embedding Theorems of Sobolev, 

Morrey, and John—Nirenberg........... 0.0.0... cee eee eee 219 
9.2 L?-Regularity Theory: Interior Regularity of Weak Solutions 

of the Poisson Equation .............. 00.0 e cee eee eee eee 234 
9.3 Boundary Regularity and Regularity Results for Solutions of 

General Linear Elliptic Equations ....................05. 241 
9.4 Extensions of Sobolev Functions and Natural Boundary Con- 

GATIONS ox acacd. trary, wifes anh acd alent Bis Hed Bn Bese MAURIS Stee Opa acenke 4 ae dean 249 
9.5 Eigenvalues of Elliptic Operators ...............000 000s 255 
Strotig Solutions 3.06.40 2.0 520s 24S eed ota el ie eR ee SS 271 
10.1 The Regularity Theory for Strong Solutions................ 271 
10.2 A Survey of the L?-Regularity Theory and Applications to 

Solutions of Semilinear Elliptic Equations ................. 276 
The Regularity Theory of Schauder and the Continuity 
Method (Existence Techniques IV) ...................--.. 283 
11.1 C°-Regularity Theory for the Poisson Equation ............ 283, 
11.2 The Schauder Estimates............. 00.00 cece eee ee 293 


11.3 Existence Techniques IV: The Continuity Method .......... 299 


Contents xiii 


12. The Moser Iteration Method and the Regularity Theorem 


of de Giorgi and Nash .............. 00.0... c eee eee 305 
12.1 The Moser—Harnack Inequality .................0...02005. 305 
12.2 Properties of Solutions of Elliptic Equations ............... 317 
12.3 Regularity of Minimizers of Variational Problems........... 321 
Appendix. Banach and Hilbert Spaces. The L?-Spaces........ 339 
References «2s ete is. step nse ith eek eg sae eee RRR ees 347 
Index of Notation ........... 0.0.0 eect ee 349 


Tin OX ei eh Rae ee ed Sees hea aE OE bk heh ER A ae ia a ated 4 353 


Introduction: 
What Are Partial Differential Equations? 


As a first answer to the question, What are partial differential equations, we 
would like to give a definition: 


Definition 1: A partial differential equation (PDE) is an equation involving 
derivatives of an unknown function u: 2 > R, where 2 is an open subset 
of R¢, d > 2 (or, more generally, of a differentiable manifold of dimension 
d> 2). 


Often, one also considers systems of partial differential equations for 
vector-valued functions u: 2 —> RY, or for mappings with values in a differ- 
entiable manifold. 

The preceding definition, however, is misleading, since in the theory of 
PDEs one does not study arbitrary equations but concentrates instead on 
those equations that naturally occur in various applications (physics and 
other sciences, engineering, economics) or in other mathematical contexts. 

Thus, as a second answer to the question posed in the title, we would 
like to describe some typical examples of PDEs. We shall need a little bit of 
notation: A partial derivative will be denoted by a subscript, 

Ou 


Ui —— fort =A)... 


Ox? 


In case d = 2, we write x,y in place of x',x?. Otherwise, x is the vector 
— (pl d 
= (ory. 8"): 


Examples: (1) The Laplace equation 
d 
Au := i Ugigi =0 (A is called the Laplace operator), 
i=1 


or, more generally, the Poisson equation 
Au=f fora given function f:Q—-R. 


For example, the real and imaginary parts u and v of a holomorphic 
function wu: 2 — C (2 Cc C open) satisfy the Laplace equation. This 
easily follows from the Cauchy—Riemann equations: 
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Ug = Vy, ; ; 
with z=ax2+1y 
Uy = —Va, 


implies 
Uae + Uyy = 0 = Vee + Vyy- 


The Cauchy—Riemann equations themselves represent a system of PDEs. 
The Laplace equation also models many equilibrium states in physics, 
and the Poisson equation is important in electrostatics. 

The heat equation: 

Here, one coordinate t is distinguished as the “time” coordinate, while 
the remaining coordinates z!,..., 27 represent spatial variables. We con- 
sider 


u:QxRt>R, QNopeninR’, Rt :={teR:t>0}, 
and pose the equation 
d 
uz = Au, where again Au := Sy" tata: 
i=l 


The heat equation models heat and other diffusion processes. 
The wave equation: 
With the same notation as in (2), here we have the equation 


Utt = Au. 


It models wave and oscillation phenomena. 
The Korteweg-de Vries equation 


Ut — 6UUg + Urae = O 
(notation as in (2), but with only one spatial coordinate x) models the 
propagation of waves in shallow waters. 
The Monge—-Ampere equation 
Uralyy — Usy =f; 
or in higher dimensions 
det (Usted )i jot, = f, 


with a given function f, is used for finding surfaces (or hypersurfaces) 
with prescribed curvature. 


(6) 
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The minimal surface equation 
(1 + Tr) Ure — 2UgUyUay + (1 + uz) Uyy = 0 


describes an important class of surfaces in R* 

The Maxwell equations for the electric field strength E = (£1, E2, E3) 
and the magnetic field strength B = (B,, Bz, B3) as functions of 
hae ne): 


divB=0 (magnetostatic law), 
B,+ curl E = 0 (magnetodynamic law), 

div EF = 4ro (electrostatic law, 9 = charge density), 
E,—curlE = —4nj — (electrodynamic law, 7 = current density), 


where div and curl are the standard differential operators from vector 
analysis with respect to the variables (x1, x”, x?) € R® 

The Navier-Stokes equations for the velocity u(x,t) and the pressure 
p(a,t) of an incompressible fluid of density @ and viscosity 7: 


3 
ov} + od viv. — Av! =—p,i for j = 1,2,3, 
i=l 
divv = 0 
(d = 3, C= (v*, v7, v°)). 


The Einstein field equations of the theory of general relativity for the 
curvature of the metric (g;;) of space-time: 


1 
hg = gk =«T;; for i,j =0,1,2,3 (the index 0 stands for the 
time coordinate t = x°). 


Here, « is a constant, T;,; is the energy-momentum tensor (considered as 
given), while 


3 3 
a) O _, 
ray = D> (eer Pork + ¥o (nel - rir) 


with 


and 
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(g'7) :=(gij)* (inverse matrix) 


and 


3 
R:= » g'! Ri; (scalar curvature). 
i,j=0 


Thus R and R;,; are formed from first and second derivatives of the 
unknown metric (g;;). 
The Schrodinger equation 


h2 
thu, = -——Au+ V(za, u) 
2m 


(m = mass, V = given potential, wu: 2 — C) from quantum mechanics 
is formally similar to the heat equation, in particular in the case V = 0. 
The factor i (= \/—1), however, leads to crucial differences. 

The plate equation 


AAu = 0 


even contains 4th derivatives of the unknown function. 


We have now seen many rather different-looking PDEs, and it may seem 


hopeless to try to develop a theory that can treat all these diverse equations. 
This impression is essentially correct, and in order to proceed, we want to 
look for criteria for classifying PDEs. Here are some possibilities: 


(1) Algebraically, i.e., according to the algebraic structure of the equation: 
(a) Linear equations, containing the unknown function and its deriva- 
tives only linearly. Examples (1), (2), (3), (7), (11), as well as (10) 
in the case where V is a linear function of wu. 
An important subclass is that of the linear equations with constant 
coefficients. The examples just mentioned are of this type; (10), 
however, only if V(a,u) = vo - u with constant vo. An example of 
a linear equation with nonconstant coefficients is 


dig | dig 
S- Fai (a (2)Uz3) + » Dat (b'(x)u) + c(x)u = 0 


j=l i=1 


with nonconstant functions a’, b", c. 
(b) Nonlinear equations. 
Important subclasses: 
— Quasilinear equations, containing the highest-occurring deriva- 
tives of wu linearly. This class contains all our examples with 
the exception of (5). 


(II) 


(III) 
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— Semilinear equations, i.e., quasilinear equations in which the 
term with the highest-occurring derivatives of u does not de- 
pend on wu or its lower-order derivatives. Example (6) is a quasi- 
linear equation that is not semilinear. 

Naturally, linear equations are simpler than nonlinear ones. We shall 
therefore first study some linear equations. 

According to the order of the highest-occurring derivatives: 

The Cauchy—Riemann equations and (7) are of first order; (1), (2), 
(3), (5), (6), (8), (9), (10) are of second order; (4) is of third order; 
and (11) is of fourth order. Equations of higher order rarely occur, and 
most important PDEs are second-order PDEs. Consequently, in this 
textbook we shall almost exclusively study second-order PDEs. 

In particular, for second-order equations the following partial classifi- 
cations turns out to be useful: 

Let 


F (x, U, Upi, Upizs ) = 0 


be a second-order PDE. We introduce dummy variables and study the 
function 


F (2,0, Di, Diz) . 
The equation is called elliptic in Q at u(x) if the matrix 


Foi, (x, u(x), Ugi (x), Ugt ad (2); pat, ad 


is positive definite for all « € 9. (If this matrix should happen to be 
negative definite, the equation becomes elliptic by replacing F' by —F’.) 
Note that this may depend on the function u. For example, if f(x) > 0 
in (5), the equation is elliptic for any solution u with uz, > 0. (For 
verifying ellipticity, one should write in place of (5) 


UgaUyy ~ UryUyr — f = 0, 


which is equivalent to (5) for a twice continuously differentiable wu.) 
Examples (1) and (6) are always elliptic. 

The equation is called hyperbolic if the above matrix has precisely one 
negative and (d— 1) positive eigenvalues (or conversely, depending on 
a choice of sign). Example (3) is hyperbolic, and so is (5), if f(z) < 0, 
for a solution u with uz, > 0. Example (9) is hyperbolic, too, because 
the metric (g;;) is required to have signature (—,+,+,+). Finally, an 
equation that can be written as 


Ut = F(t, 2, U, gi, Ugizi ) 


with elliptic F is called parabolic. Note, however, that there is no longer 
a free sign here, since a negative definite (F,,,,) is not allowed. Example 


ij 
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(2) is parabolic. Obviously, this classification does not cover all possible 
cases, but it turns out that other types are of minor importance only. 
Elliptic, hyperbolic, and parabolic equations require rather different 
theories, with the parabolic case being somewhat intermediate between 
the elliptic and hyperbolic ones, however. 

(IV) According to solvability: 
We consider a second-order PDE 


F (2, U, Uzi, Uzigs) = 0 for u: QR, 


and we wish to impose additional conditions upon the solution u, typ- 
ically prescribing the values of u or of certain first derivatives of u on 
the boundary 02 or part of it. 
Ideally, such a boundary value problem satisfies the three conditions 
of Hadamard for a well-posed problem: 

— Existence of a solution u for given boundary values; 

— Uniqueness of this solution; 

— Stability, meaning continuous dependence on the boundary values. 


The third requirement is important, because in applications, the bound- 
ary data are obtained through measurements and thus are given only 
up to certain error margins, and small measurement errors should not 
change the solution drastically. 

The existence requirement can be made more precise in various senses: 
The strongest one would be to ask that the solution be obtained by an 
explicit formula in terms of the boundary values. This is possible only 
in rather special cases, however, and thus one is usually content if one 
is able to deduce the existence of a solution by some abstract reason- 
ing, for example by deriving a contradiction from the assumption of 
nonexistence. For such an existence procedure, often nonconstructive 
techniques are employed, and thus an existence theorem does not nec- 
essarily provide a rule for constructing or at least approximating some 
solution. 

Thus, one might refine the existence requirement by demanding a con- 
structive method with which one can compute an approximation that is 
as accurate as desired. This is particularly important for the numerical 
approximation of solutions. However, it turns out that it is often easier 
to treat the two problems separately, i.e., first deducing an abstract 
existence theorem and then utilizing the insights obtained in doing so 
for a constructive and numerically stable approximation scheme. Even 
if the numerical scheme is not rigorously founded, one might be able to 
use one’s knowledge about the existence or nonexistence of a solution 
for a heuristic estimate of the reliability of numerical results. 


Exercise: Find five more examples of important PDEs in the literature. 


1. The Laplace Equation as the Prototype of 
an Elliptic Partial Differential Equation of 
Second Order 


1.1 Harmonic Functions. Representation Formula for 
the Solution of the Dirichlet Problem on the Ball 
(Existence Techniques 0) 


In this section Q is a bounded domain in R@ for which the divergence theorem 
holds; this means that for any vector field V of class C1(2) 9 C°(Q), 


div V(a)dx = V(z) -v(z)do(z), (1.1.1) 
Q an 
where the dot - denotes the Euclidean product of vectors in R¢, v is the 


exterior normal of 02, and do(z) is the volume element of 022. Let us recall 
the definition of the divergence of a vector field V = (V',...,V%): 23 R?: 


d Z 

ov" 
div V(a) := y ; (2). 
7 Oe 


In order that (1.1.1) hold, it is, for example, sufficient that 02 be of class 
co. 


Lemma 1.1.1: Let u,v € C?(2). Then we have Green’s 1% formula 


Ou 
I v(x) Au(a)da + R Vu(x)- Vo(a)da = i? v(z) a (z)do(z) (1.1.2) 
(here, Vu is the gradient of u), and Green’s 24 formula 
Ou Ov 
: {u(x) Au(x) — u(x) Av(x)} dx = i. {rea gzee) - we) 52) do(z). 


(1.1.3) 


Proof: With V(x) = v(x2)Vu(«), (1.1.2) follows from (1.1.1). Interchanging 
u and v in (1.1.2) and subtracting the resulting formula from (1.1.2) yields 
(1.1.3). 
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In the sequel we shall employ the following notation: 
B(a,r) := {ye R*: |x—y| <r} (closed ball) 
and 
B(a,r) := fy ER?: |cx—y| <r} (open ball) 
for r > 0, 2 € R4@ 
Definition 1.1.1: A function u € C?(Q) is called harmonic (in Q) if 


Au=0 inf. 


In Definition 1.1.1, 2 may be an arbitrary open subset of R?. We begin 
with the following simple observation: 


Lemma 1.1.2: The harmonic functions in Q form a vector space. 


Proof: This follows because A is a linear differential operator. 


Examples of harmonic functions: 


(1) In R¢, all constant functions and, more generally, all affine linear func- 
tions are harmonic. 


(2) There also exist harmonic polynomials of higher order, e.g., 


Na 


for a= (a*,/. 0,27) eRe 
For z,y € R¢ with x F y, we put 


— 
w 
NLA 


x log |x — y| for d= 2, 


1.1.4 
2-4 for d > 2, ( ) 


P(2,y) = F(a — yl) = 


Te aay It — yl 
where wy is the volume of the d-dimensional unit ball B(0,1) Cc R?. 
We have 


a 1 i i) |, —d 
gil (9) ~ og (2'=y') |e-—9l", 


=o (ey) = fe — ul? by — d(x — 9°) (wy) } fe vl. 
Ox' Oxd , dwa a 


Thus, as a function of x, I’ is harmonic in R@\ {y}. Since I is symmetric 
in x and y, it is then also harmonic as a function of y in R@ \ {x}. The 
reason for the choice of the constants employed in (1.1.4) will become 
apparent after (1.1.8) below. 
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Definition 1.1.2: I from (1.1.4) is called the fundamental solution of the 
Laplace equation. 


What is the reason for this particular solution I" of the Laplace equation 
in R¢ \ {y}? The answer comes from the rotational symmetry of the Laplace 
operator. The equation 


Au = 0 


is invariant under rotations about an arbitrary center y. (If A € O(d) (or- 
thogonal group) and y € R%, then for a harmonic u(x), u(A(x — y) + y) is 
likewise harmonic.) Because of this invariance of the operator, one then also 
searches for invariant solutions, i.e., solutions of the form 


u(x) = y(r) with r= |x—y|. 


The Laplace equation then is transformed into the following equation for y 
as a function of r, with ’ denoting a derivative with respect to r, 


d—1 
e'(r) + ——e'(r) = 0. 


Solutions have to satisfy 


ol (r) = ert 


with constant c. Fixing this constant plus one further additive constant leads 
to the fundamental solution I(r). 


Theorem 1.1.1 (Green representation formula): Jf u € C?(2), we 
have for y € 22, 
or Ou 
uo) = fd ule) (eu) ~ Flew) Sela) f dole) + f P(e, y)du(e)de 
02 Os Ov 2Q 
(1.1.5) 


(here, the symbol fh indicates that the derwative is to be taken in the direc- 
tion of the exterior normal with respect to the variable x). 


Proof: For sufficiently small ¢ > 0, 
Bly, €) CQ, 


since (2 is open. We apply (1.1.3) for v(x) = I'(a,y) and 2\ B(y,«) (in place 
of 92). Since I is harmonic in 92 \ {y}, we obtain 


dees ae if [ree v) el) ute) oe » } do(x) 


Ou Or'(x, y) 
* fe {riew)gete) u(x) aE \ aotx) (1.1.6) 
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In the second boundary integral, 1 denotes the exterior normal of 2\ B(y,«), 
hence the interior normal of B(y,¢). 

We now wish to evaluate the limits of the individual integrals in this 
formula for « + 0. Since u € C?(92), Au is bounded. Since I’ is integrable, 
the left-hand side of (1.1.6) thus tends to 


| I(a, y)Au(a)da. 
Q 


On OB(y,¢), we have (x,y) = I'(e). Thus, for e > 0, 


< dwge* P(e) sup |Vul > 0. 
Bly.) 


Ou 
| oney eae PHO 


Furthermore, 


Se eee tee 
Toes @) OV, ane xf. (=) do(z) 


(since v is the interior normal of B(y,<¢)) 


1 
= et = u(a)do(a) + u(y). 


Altogether, we get (1.1.5). 


Remark: Applying the Green representation formula for a so-called test func- 
tion py € C§°(2),' we obtain 


gly) = I T(x, y)Ag(x)dz. (1.1.7) 
This can be written symbolically as 
A,I'(x,y) = dy, (1.1.8) 


where A, is the Laplace operator with respect to x, and 6, is the Dirac delta 
distribution, meaning that for yp € C§°(2), 


dy [9] = v(y)- 


In the same manner, AI'(- , y) is defined as a distribution, i.e., 


Ar. Wlel= f Pew) Ae(w)ae 


Equation (1.1.8) explains the terminology “fundamental solution” for I, as 
well as the choice of constant in its definition. 


1 C§(Q) :={f € C®(Q), supp(f) :-= fx: f(x) 4 0} is a compact subset of }. 
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Remark: By definition, a distribution is a linear functional @ on C§° that is 
continuous in the following sense: 
Suppose that (Yn )nen C C§° (2) satisfies y, = 0 on 2\ K for all n and some 
fixed compact K C 9 as well as limy_,.. D“ yp (x) = 0 uniformly in x for all 
partial derivatives D® (of arbitrary order). Then 

lim [yn] = 0 


n> Co 


must hold. 


We may draw the following consequence from the Green representation 
formula: If one knows Au, then u is completely determined by its values and 
those of its normal derivative on 02. In particular, a harmonic function on 2 
can be reconstructed from its boundary data. One may then ask conversely 
whether one can construct a harmonic function for arbitrary given values on 
O2 for the function and its normal derivative. Even ignoring the issue that 
one might have to impose certain regularity conditions like continuity on 
such data, we shall find that this is not possible in general, but that one can 
prescribe essentially only one of these two data. In any case, the divergence 
theorem (1.1.1) for V(a) = Vu(x) implies that because of A = div grad, a 
harmonic wu has to satisfy 


* do(x Au(a)dx = 0, 1.1.9 
[03 Ov Q (7) ( 


so that the normal derivative cannot be prescribed completely arbitrarily. 


Definition 1.1.3: A function G(x,y), defined for x,y € 2,2 # y, is called 
a Green function for Q if 


(1) G(x, y) =0 for x € 00; 
(2) h(x, y) := G(a,y)-—I(a,y) is harmonic in « € Q (thus in particular also 
at the point x = y). 


We now assume that a Green function G(a, y) for Q exists (which indeed 
is true for all 2 under consideration here), and put v(a) = h(a, y) in (1.1.3) 
and add the result to (1.1.5), obtaining 


u(y) = | u(2) °C i aa\a| Cleats (1.1.10) 
eke) Vz Q 
Equation (1.1.10) in particular implies that a harmonic wu is already deter- 
mined by its boundary values waa. 
This construction now raises the converse question: If we are given func- 
tions y : 02 > R, f : 2 > R, can we obtain a solution of the Dirichlet 
problem for the Poisson equation 


Au(x) = f(x) forve Q, 


u(x) = g(a) for « € ON, (1.1.11) 
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by the representation formula 


uly) = I. p(x ee mY) 4 o)+ | Fe) f(a)G(a, y)dx? (11413) 


After all, if u is a solution, it does satisfy this formula by (1.1.10). 

Essentially, the answer is yes; to make it really work, however, we need 
to impose some conditions on y and f. A natural condition should be the 
requirement that they be continuous. For y, this condition turns out to be 
sufficient, provided that the boundary of 92 satisfies some mild regularity 
requirements. If (2 is a ball, we shall verify this in Theorem 1.1.2 for the case 
f =0, i-e., the Dirichlet problem for harmonic functions. For f, the situation 
is slightly more subtle. It turns out that even if f is continuous, the function u 
defined by (1.1.12) need not be twice differentiable, and so one has to exercise 
some care in assigning a meaning to the equation Au = f. We shall return to 
this issue in Sections 10.1 and 11.1 below. In particular, we shall show that 
if we require a little more about f, namely, that it be Holder continuous, 
then the function wu given by (1.1.12) is twice continuously differentiable and 
satisfies 


Au = f. 
Analogously, if H(x,y) for 2,y € 2, x # y is defined with? 
) -1 
av, (x,y) jan or © € 


and a harmonic difference H(x,y) — I(x, y) as before, we obtain 


uly) = aa fi ula)do(2) — fH (2,y)S*(@)do(e) 


|O2|| Joa an 
+f H(a,y)Au(x)dx. (1.1.13) 
Q 


If now u, and ug are two harmonic functions with 


Ou, = Oug 
Br = pe on O22, 
applying (1.1.13) to the difference u = ui — ug yields 
1 
ur(y) — ua(y) = —— (uy (a) — ug(x)) do(a). (1.1.14) 
O2|| Jan 


Since the right-hand side of (1.1.14) is independent of y, uw; — ug must be 
constant in 92. In other words, a solution of the Neumann boundary value 
problem 


? Here, ||OQ|| denotes the measure of the boundary OQ of Q; it is given as 
do(x). 
Q 
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Au(x) = 0 for « € 22, 


Ju (1.1.15) 
Ag. = g(x) forxe 0 


is determined only up to a constant, and, conversely, by (1.1.9), a necessary 
condition for the existence of a solution is 


J slosdo(a) = 0. (1.1.16) 
(eke) 


Boundary conditions tend to make the theory of PDEs difficult. Actually, in 
many contexts, the Neumann condition is more natural and easier to handle 
than the Dirichlet condition, even though we mainly study Dirichlet boundary 
conditions in this book as those occur more frequently. — There is in fact 
another, even easier, boundary condition, which actually is not a boundary 
condition at all, the so-called periodic boundary condition. This means the 
following. We consider a domain of the form 2 = (0, L1) x --- x (0, La) C R4 
and require for u: 2 — R that 


u(@1, see big be eis see Xd) = u(@1, see Py ae ee eer ee see Xd) (Le1.17) 


for all w = (x,...,%4) € 2, i=1,...,d. This means that wu can be period- 
ically extended from 2 to all of R¢. A reader familiar with basic geometric 
concepts will view such a u as a function on the torus obtained by identifying 
opposite sides in (2. More generally, one may then consider solutions of PDEs 
on compact manifolds. 


Anyway, we now turn to the Dirichlet problem on a ball. As a preparation, 
we compute the Green function G for such a ball B(0, R). For y € R%, we 
put 


2 
i ney fory #0, 
co for y= 0. 


(7 is the point obtained from y by reflection across 0B(0, R).) We then put 


Bae fe yl) -P(la-al) for y #0, 
(P(e) — F(R) for y =0. 


(1.1.18) 


For « # y, G(az,y) is harmonic in x, since for y € B(0, R), the point 7 lies 
in the exterior of B(0,R). The function G(x, y) has only one singularity in 
B(0, R), namely at x = y, and this singularity is the same as that of I'(a, y). 
The formula 


L 
a "4 lel? Lyi? ° 
Gy =P (lel? +l? -22-y) }-r| (Ao + -20-y 


(1.1.19) 
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then shows that for « € OB(0, R), i-e., |z| = .R, we have indeed 
G(x, y) = 0. 
Therefore, the function G(x, y) defined by (1.1.18) is the Green function of 
B(0, R). 
Equation (1.1.19) also implies the symmetry 
G(a,y) = Gly, 2). (1.1.20) 


Furthermore, since I'(|x—y|) is monotonic in |a—y|, we conclude from (1.1.19) 
that 


G(a,y) <0 for x,y € B(O, R). (1.1.21) 
Since for « € OB(0, R), 


2) 12 
_ lel ly! 
= pi 


(1.1.19) furthermore implies for x € OB(0, R) that 


|z|? + |yl? —2a-y + RB? -22-y, 


2 
_ 1 fel 1 |a|_ ly 
dua |x — yl? dwa |x — yl? FB? 


0 0 
Bu OY) = FE bei 


a leP. 4 
dwaR |x — yl" 


Inserting this result into (1.1.10), we obtain a representation formula for a 
harmonic u € C*(B(0, R)) in terms of its boundary values on 0B(0, R): 


u(y) = “| dota, (1.1.22) 


dwaR  Jano,r) la — y|* 


The regularity condition here can be weakened; in fact, we have the following 
theorem: 


Theorem 1.1.2: (Poisson representation formula; solution of the 
Dirichlet problem on the ball): Let y : OB(0,R) > R be continuous. 
Then u, defined by 


R?—|yl? e(2) g € B(O.R 
u(y) -{ duwgR Jonco.r) |x—y|7 o(x) for y (0, R), (1.1.23) 


p(y) for y € OB(O, R), 


is harmonic in the open ball B(0, R) and continuous in the closed ball B(0, R). 
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Proof: Since G is harmonic in y, so is the kernel of the Poisson representation 
formula 


OG R? — |y|? _ 
Kay) = 52 (yy) = hoy. 


Thus wu is harmonic as well. 


It remains only to show continuity of u on 0B(0,R). We first insert the 
harmonic function u = 1 in (1.1.22), yielding 


| K(«,y)do(x) =1 for all y € B(0, R). (1.1.24) 
OB(0,R) 


We now consider yo € OB(0, R). Since y is continuous, for every ¢ > 0 there 
exists 6 > 0 with 


& 
p(y) — ¥(yo)| < 3 for ly — yo| < 26. (1.1.25) 
With 
w= sup |y(y)|, 
y€OB(0,R) 


by (1.1.23), (1.1.24) we have for |y — yo| < 6 that 


u(y) — ulyo) | = 


| K (1, y) (oa) — (yo)) dol) 
3B(0,R) 


< fg eu) lela) ~ elon) doa) 


+ _— K(x, y) |p(x) — (yo)| do(x) 


2 5 +2 (R 2 iyi?) RU, (1.1.26) 
(For estimating the second integral, note that because of |y— yo| < 6, for 
|x — yo| > 26 also ja — y| > 6.) Since |yo| = R, for sufficiently small |y — yo 
then also the second term on the right-hand side of (1.1.26) becomes smaller 
than ¢/2, and we see that u is continuous at yo. 


Corollary 1.1.1: For y € C°(OB(0, R)), there exists a unique solution u € 
C?(B(0, R)) NC°(B(0, R)) of the Dirichlet problem 
Au(z)=0 for x € B(O,R), 
u(x) = g(a) for x € OB(0, R). 


16 1. The Laplace Equation 


Proof: Theorem 1.1.2 shows the existence. Uniqueness follows from (1.1.10); 
however, in (1.1.10) we have assumed u € C?(B(0, R)), while more generally, 
here we consider continuous boundary values. This difficulty is easily over- 
come: Since u is harmonic in B(0, R), it is of class C? in B(0, R), for example 
by Corollary 1.1.2 below. Consequently, for |y| < r < R, applying (1.1.22) 
with r in place of R, we get 


u(y) = ae | UY a5t: 


dwar Jan(o,r) |x — y|* 


and since u is continuous in B(0, R), we may let r tend to R in order to get 
the representation formula in its full generality. 


Corollary 1.1.2: Any harmonic function u: 2 — R is real analytic in Q. 


Proof: Let z € 2 and choose R such that B(z,R) C 2. Then by (1.1.22), for 
y € Biz, R), 


R2 —|y—2/? u(x 
u(y) =f tote), 
wWaR — JaB(z,R) |e — y| 


which is a real analytic function of y € B (z, R). 


1.2 Mean Value Properties of Harmonic Functions. 
Subharmonic Functions. The Maximum Principle 


Theorem 1.2.1 (Mean value formulae): A continuous u : Q > R is 
harmonic if and only if for any ball B(ao,r) Cc Q, 


1 
=8 = ——_—__— di spherical 

u(xo) (u, 20,1) Fer a —_— u(x)do(x) (spherical mean), 

(1.2.1) 
or equivalently, if for any such ball 
1 
u(zo) = K(u, 20,7) := ,; | u(a)dx (ball mean). (1.2.2) 
War B(ao,r) 


Proof: “=>”: 

Let u be harmonic. Then (1.2.1) follows from Poisson’s formula (1.1.22) (since 
we have written (1.1.22) only for the ball B(0, R), take the harmonic function 
v(x) := u(a +29) and apply the formula at the point z = 0). Alternatively, 
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we may prove (1.2.1) from the following observation: 
Let u € C?(B(y,r)), 0 < @ <r. Then by (1.1.1) 


Ou 
= i) —(y + ow) 0% *dw 
aB(0,1) 02 
in polar coordinates w = “#4 
Q 


0 
= aa i u(y + qw)dw 
2 JaB(0,1) 


30 a 
— — u(x)do(x 
oa, (2 aa (x)do(x) 


1 


0 
= dwao* Bp'3 (th 8): (1.2.3) 


If wu is harmonic, this yields oS(u, y, 0) = 0, and so S(u, y, @) is constant in 


p. Because of 
u(y) = lim S(u,y, 9), (1.2.4) 
o—0 


for a continuous wu this implies the spherical mean value property. Because of 
d f[" d-1 
K(u, 9,7) == ra S(u, 20, 0)e do (1.2.5) 
0 


we also get (1.2.2) if (1.2.1) holds for all radii 9 with B(x, @) C 22. 
ee” : 
We have just seen that the spherical mean value property implies the ball 


mean value property. The converse also holds: 
If K(u,xo,7) is constant as a function of r, i.e., by (1.2.5) 


0 d d 
0= apis (u £057) = ~9(u, 20,7) _ 7K (u, X0,1), 


then S(u, 29,1) is likewise constant in r, and by (1.2.4) it thus always has to 
equal u(x). 

Suppose now (1.2.1) for B(ao,r) C 2. We want to show first that u then 
has to be smooth. For this purpose, we use the following general construction: 
Put 


Cad CXP (zh) if0<t<1, 
o(t) = _ 
0 otherwise, 


18 1. The Laplace Equation 


where the constant cg is chosen such that 


i, _ollel)de = 1. 


The reader should note that o(|x|) is infinitely differentiable with respect 
to x. For f € L'(2), Bly,r) C 2, Bly,r) C Q we consider the so-called 


mollification 
1 —2 
fry) = =f 0 (4*) f(a)da. (1.2.6) 


Then f, is infinitely differentiable with respect to y. 
If now (1.2.1) holds, we have 


urly) =| 7h hae () (x)do(x)ds 


= ‘ P ne at 'S(u,y, s)ds 


Thus a function satisfying the mean value property also satisfies 
u,(x) = u(x), provided that B(a,r) Cc 2. 


Thus, with u, also wu is infinitely differentiable. We may thus again consider 
(1.2.3), ie 


| Au(«)dxz = dugo 2. Su, Y, 0). (1.2.7) 
B(y,o) do 


If (1.2.7) holds, then S(u, xo, @) is constant in g, and therefore, the right-hand 
side of (1.2.7) vanishes for all y and 9 with B(y, e) C 2. Thus, also 


Au(y) =0 


for all y € 2, and wu is harmonic. 


Instead of requiring that w be continuous, it suffices to require that u be 
measurable and locally integrable in 2. The preceding theorem and its proof 
then remain valid since in the second part we have not used the continuity 
of u. 

With this observation, we easily obtain the following corollary: 
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Corollary 1.2.1 (Weyl’s lemma): Let u: 2 —> R be measurable and lo- 
cally integrable in Q. Suppose that for all p € CS? (2), 


| u(x) Ay(x)dx = 0. 
2 


Then u is harmonic and, in particular, smooth. 


Proof: We again consider the mollifications 


For y € C§° and r < dist(supp(y), 092), we obtain 


[wteravterar = ff o( 2) unavselaan 
= | ; u(y) Ap, (y)dy 


exchanging the integrals and observing that (Ay), = 
A(y,.), so that the Laplace operator commutes with the 
mollification 


=): 


since by our assumption for r also y, € Cf? (2). 
Since u, is smooth, this also implies 


[ Arclare )dx =0 for all p € CO°(2,), 


with Q, := {x € Q: dist(x,02) >r 
Hence, 


Au, =0 in 92,. 


Thus, wu, is harmonic in 2,. 
We consider R>O andO<r< sR. Then u, satisfies the mean value 
property on any ball with center in 2, and radius < 4R. Since 


[womans ff oA) inca a 
<i |u(a)| da 


obtained by exchanging the integrals and using Jpa 2 cs (44 ul) dy = 1, the 


uy have uniformly bounded norms in L'(Q), if u € L+(Q). If u is only locally 
integrable, the preceding reasoning has to be applied locally in 2, in order 
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to get the local uniform integrability of the u,. Since this is easily done, we 
assume for simplicity u € L'(). 

Since the u,. satisfy the mean value property on balls of radius sR, this 
implies that they are also uniformly bounded (keeping R fixed and letting r 
tend to 0). Furthermore, because of 


i 72" 
Tr — Ur <— — vi d. 
juccen) unl SA (Z) foc wronennyy eGo 


UB(a@9,R/2)\B(21,R/2) 


d 
£5. (=) sup |uy| 2Vol (B(x1, R/2) \ Bla2, R/2)), 
the u, are also equicontinuous. Thus, by the Arzela—Ascoli theorem, for r > 
0, a subsequence of the u, converges uniformly towards some continuous 
function v. We must have u = v, because u is (locally) in L1(2), and so for 
almost all x € 2, u(x) is the limit of u,-(a) for r > 0 (cf. Lemma A.3). Thus, 
u is continuous, and since all the wu, satisfy the mean value property, so does 
u. Theorem 1.2.1 now implies the claim. 


Definition 1.2.1: Let v : Q + [—o0, co) be upper semicontinuous, but not 
identically —co. Such a v is called subharmonic if for every subdomain 2 CC 
Q and every harmonic function u: Q! + R (we assume u € C°(2’)) with 


v<u ond 
we have 


v<u on. 


A function w : 2 + (—co, oo}, lower semicontinuous, w # oo, is called 
superharmonic if —w is subharmonic. 


Theorem 1.2.2: A function v : 2 — [—00,00) (upper semicontinuous, # 
—oo) is subharmonic if and only if for every ball B(ao,r) C Q, 


v(x) < S(v, 0,7), (1.2.8) 


or, equivalently, if for every such ball 


u(x) < K(v,x0,7). (1.2.9) 
Proof: “=>” 
Since v is upper semicontinuous, there exists a monotonically decreasing 
sequence (Up)nen of continuous functions with v = lim,en vn. By Theo- 


rem 1.1.2, for every u, there exists a harmonic 


Un : B(xo,7) 2R 
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with 
Un|aB(eo,r) = UnlaB(eo,r) (= laB(eo,r)) 3 
hence, in particular, 
S(un, 20,7) = S(vn, Xo0,1). 
Since v is subharmonic and wu, is harmonic, we obtain 
v(20) < Un(ao) = S(Un, 20,7) = S(Un, L0,7). 


Now n — oo yields (1.2.8). The mean value inequality for balls follows from 
that for spheres (cf. (1.2.5)). For the converse direction, we employ the 
following lemma: 


Lemma 1.2.1: Suppose vu satisfies the mean value inequality (1.2.8) or 
(1.2.9) for all B(ao,r) C Q. Then v also satisfies the maximum principle, 
meaning that if there exists some x € 22 with 


v(xo) = sup u(2), 
x 


then v is constant. In particular, if Q is bounded and v € C°(Q), then 
< ae 22. 
u(x“) < wes u(y) for alla e 
Remark: We shall soon see that the assumption of Lemma 1.2.1 is equivalent 


to v being subharmonic, and therefore, the lemma will hold for subharmonic 
functions. 


Proof: Assume 


v(x%o) = sup v(x) =: M. 
LED 


Thus, 
OM :={yEQ: vy) =M}FO. 


Let y € 2”, B(y,r) C Q. Since (1.2.8) implies (1.2.9) (cf. (1.2.5)), we may 
apply (1.2.9) in any case to obtain 


1 
0=viy)-M< ae [,.0°@ — M)dz. (1.2.10) 


Since M is the supremum of v, always u(a) < M, and we obtain v(x) = M 
for all x € B(y,r). Thus 2™ contains together with y all balls B(y,r) C Q, 
and it thus has to coincide with 92, since 2 is assumed to be connected. Thus 
u(x) = M forall xe 2. 
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We may now easily conclude the proof of Theorem 1.2.2: 
Let u be as in Definition 1.2.1. Then v — u likewise satisfies the mean value 
inequality, hence the maximum principle, and so 


v<u in”, 


ifv <uon OM. 


Corollary 1.2.2: A function v of class C?(Q) is subharmonic precisely if 
Av>0 in 2. 
Proof: “=>”: 
Let B(y,r) C 2,0 <o<r. Then by (1.2.3) 
a) 
0< 7 Av(x)dx = dwgo*!—S(v, y, 0). 
Bly.) do 


Integrating this inequality yields, for 0 < o@< vr, 
S(v,y,0) < S(v,y,r), 
and since the left-hand side tends to u(y) for @ + 0, we obtain 
u(y) < S(v,y,7). 


By Theorem 1.2.2, v then is subharmonic. 
“=”: Assume Av(y) < 0. Since v € C?(Q), we could then find a ball B(y,r) C 


2 with Av < 0 on B(y,r). Applying the first part of the proof to —v would 
yield 


u(y) > S(v,y,7), 


and v could not be subharmonic. 


Examples of subharmonic functions: 


(1) Let d > 2. We compute 
A|zx|* = (da + a(a — 2)) |a|°~?. 


Thus |a|* is subharmonic for a > 2 —d. (This is not unexpected because 
|a|?-¢ is harmonic.) 
(2) Let w: 2 + R be harmonic and positive, 6 > 1. Then 
d 
Au? = ye (Bul tts x6 + B(B- 1) uP e496 te) 
i=1 


d 
= a B(B- 1) uP yi Ug , 
w=1 


since u is harmonic. Since u is assumed to be positive and G > 1, this 
implies that wv? is subharmonic. 
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(3) Let w: 2 + R again be harmonic and positive. Then 


d d 
Upigi Uni Ugi UgiUyi 
Alogu = y ( 7 2 = S zo 


i=l i=1 


since u is harmonic. Thus, logu is superharmonic, and —log wu then is 
subharmonic. 

(4) The preceding examples can be generalized as follows: 
Let wu : 2 — R be harmonic, f : u(Q) — R convex. Then f o wu is 
subharmonic. To see this, we first assume f € C?. Then 


d 
Af(u(x)) = (f’ (u(x) )uzige + f” (u(x)) Uzi tye) 


d 
= x f’(u(x)) (uzi)? (since u is harmonic) 


since for a convex C?-function f” > 0. If the convex function f is not 
of class C?, there exists a sequence (fn)ncn of convex C?-functions con- 
verging to f locally uniformly. By the preceding, f, o u is subharmonic, 
and hence satisfies the mean value inequality. Since f, o wu converges to 
fou locally uniformly, f o u satisfies the mean value inequality as well 
and so is subharmonic by Theorem 1.2.2. 


We now return to studying harmonic functions. If uw is harmonic, u and 
—u both are subharmonic, and we obtain from Lemma 1.2.1 the following 
result: 


Corollary 1.2.3 (Strong maximum principle): Let u be harmonic in 2. 
If there exists xg € 2Q with 


u(%p) = sup u(z) or u(xo) = inf u(x), 
reEQ rE 


then u is constant in 92. 
A weaker version of Corollary 1.2.3 is the following: 


Corollary 1.2.4 (Weak maximum principle): Let 2 be bounded and u € 
C°(2) harmonic. Then for all x € Q, 


i < < ma: , 

ae u(y) < u(x) < u(y) 

Proof: Otherwise, u would achieve its supremum or infimum in some interior 
point of 2. Then u would be constant by Corollary 1.2.3, and the claim would 
also hold true. 
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Corollary 1.2.5 (Uniqueness of solutions of the Poisson equation): 
Let f € C°(Q2), Q bounded, ui, u2 € C°(Q)NC?(Q2) solutions of the Poisson 
equation 
Auj(x) = f(a) forxe Q (i=1,2). 
If ui(z) < ua(z) for all z € OQ, then also 
uy(“) <ue(x) for alla e 2. 
In particular, if 
U1/0Q = U2|dQ, 


then 


Uy = U2. 


Proof: We apply the maximum principle to the harmonic function wu, — ue. 


In particular, for f = 0, we once again obtain the uniqueness of harmonic 
functions with given boundary values. 


Remark: The reverse implication in Theorem 1.2.1 can also be seen as fol- 
lows: We observe that the maximum principle needs only the mean value 
inequalities. Thus, the uniqueness of Corollary 1.2.5 holds for functions that 
satisfy the mean value formulae. On the other hand, by Theorem 1.1.2, for 
continuous boundary values there exists a harmonic extension on the ball, 
and this harmonic extension also satisfies the mean value formulae by the 
first implication of Theorem 1.2.1. By uniqueness, therefore, any continuous 
function satisfying the mean value property must be harmonic on every ball 
in its domain of definition 92, hence on all of (2. 


As an application of the weak maximum principle we shall show the re- 
movability of isolated singularities of harmonic functions: 


Corollary 1.2.6: Let ro € QC R4(d> 2), uw: Q\ {xo} > R harmonic and 
bounded. Then u can be extended as a harmonic function on all of 2; i.e., 
there exists a harmonic function 


u:2>R 


that coincides with u on 2 \ {xo}. 
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Proof: By a simple transformation, we may assume xp = 0 and that 2 con- 
tains the ball B(0,2). By Theorem 1.1.2, we may then solve the following 
Dirichlet problem: 


Ai =0 in B(0,1), 
u on OB(0,1). 


We consider the following Green function on B(0,1) for y = 0: 


+ log |a| for d= 2 
(é = 2 ; 
(2) 2-41) ford>3. 


Toya (I 
For ¢ > 0, we put 
Ue(X) = U(x) —EG(x) (0 < |x| < 1). 
First of all, 
ue(@) = U(x) = u(x) for |a| =1. (1.2.11) 


Since on the one hand, u as a smooth function possesses a bounded derivative 


along |a| = 1, and on the other hand (with r = |), 2G(2) > 0, we obtain, 


for sufficiently large «, 
u(x) > u(a) for 0 < |a| <1. 
But we also have 


lim ue(x) = oo fore >0. 
«—0 


Since u is bounded, consequently, for every ¢ > 0 there exists r(¢) > 0 with 
Ue(a) > u(x) for |a| < r(e). (1.2.12) 
From these arguments, we may find a smallest ¢9 > 0 with 
Uey(@) > u(x) for |a| <1. 


We now wish to show that €9 = 0. 
Assume €9 > 0. By (1.2.11), (1.2.12), we could then find zo, r(}) < |zo| < 
1, with 


uso (Zo) < u(zo). 


This would imply 


a 
wg 


(x) u(x) <0, 


_ min (u 
x€B(0,1)\B(0,r(})) 
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while by (1.2.11), (1.2.12) 


: - = 0. 
y€OB(0,1)UAB(0,r(£2)) (usp (v) u(y)) 


This contradicts Corollary 1.2.4, because uso —U is harmonic in the annular 
region considered here. Thus, we must have ¢9 = 0, and we conclude that 


u<uo=t in B(0,1) \ {0}. 
In the same way, we obtain the opposite inequality 
u>wt in B(0,1) \ {0}. 


Thus, wu coincides with @ in B(0, 1) \ {0}. Since tw is harmonic in all of B(0, 1) 
we have found the desired extension. 


d 


From Corollary 1.2.6 we see that not every Dirichlet problem for a har- 
monic function is solvable. For example, there is no solution of 


Au(z) =0 in B(0,1) \ {0}, 
u(z) =0 for |a| =1, 
u(0) = 1. 


Namely, by Corollary 1.2.6 any solution u could be extended to a harmonic 
function on the entire ball B(0,1), but such a harmonic function would have 
to vanish identically by Corollary 1.2.4, since its boundary values on 0B(0, 1) 
vanish, and so it could not assume the prescribed value 1 at x = 0. 


Another consequence of the maximum principle for subharmonic functions 
is a gradient estimate for solutions of the Poisson equation: 


Corollary 1.2.7: Suppose that in 22, 


R 
sup jul +— sup |f| fori=1,...,d. (1.2.13) 


Proof: We consider the case i = 1. For abbreviation, put 


i= sup jul, M:= sup |fl. 
OB(ao,R) B(xo,R) 


Without loss of generality, suppose again 2) = 0. The auxiliary function 
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ofa) = Fle +a! (R—2) (B+ S) 
satisfies, in B(0, R), 
Av(2) = 
v (0,2 of a for all x?,..., 2%, 


v(x) > for |z| = R, 2 > 0. 


We now consider 


In B(O, R), we have 
|Au(x)| < M, 
u(0,2,...,27)=0 forall x’,...,2% 


\u(a)| < for all |a| = 


o] 


27 


We consider the half-ball B* := {|x| < R, x! > 0}. The preceding inequali- 


ties imply 


The maximum principle (Lemma 1.2.1) yields 


ja) <v in Bt. 


We conclude that 


aa 05..4,0) ea OS Avex D) ae, 
Oe 
zl>0 xl>0 
i.e., (1.2.13). 


Other consequences of the mean value formulae are the following: 


Corollary 1.2.8 (Liouville theorem): Let u: R¢ > R be harmonic and 


bounded. Then u is constant. 


Proof: For 21,22 € R%, by (1.2.2) for all r > 0, 


if 
a) 7 wea) ~ ware ... a 7 l.. uni) 


1 


= u(a)dx - | u(a)da 
wart ——— B(«2,r)\B(x1,r) 


(1.2.14) 
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By assumption 
ju(x)| < M, 
and for r + 00, 


1 


wart 


Vol (B(a1,17) \ B(xa,r)) > 0. 


This implies that the right-hand side of (1.2.14) converges to 0 for r — ov. 
Therefore, we must have 


u(a1) = u(x). 


Since x; and x2 are arbitrary, u has to be constant. 


Another proof of Corollary 1.2.8 follows from Corollary 1.2.7: 
By Corollary 1.2.7, for all z9 € R¢, R>0,i=1,...,d, 


d 
Uni lL < —sup|u|. 
ues (#o)| Sp sup ll 


Since u is bounded by assumption, the right-hand side tends to 0 for R + ov, 
and it follows that u is constant. This proof also works under the weaker 
assumption 


1 
lim — sup |u| =0. 
Hotes A (9.2) 


This assumption is sharp, since affine linear functions are harmonic functions 
on R? that are not constant. 


Corollary 1.2.9 (Harnack inequality): Let u: 2 —> R be harmonic and 
nonnegative. Then for every subdomain Q' CC 2 there exists a constant 
c= c(d, 2,92’) with 


supu < cinf u. (1.2.15) 
qQ' QQ! 


° 


Proof: We first consider the special case 2’ = B(xo,7r), assuming B(ag, 417) C 
2. Let y1,y2 € B(xo,r). By (1.2.2), 
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oh 
u(y)dy 
wat IB(yi,r) 
1 
<3 f | uu)dy 
Wal” J B(x9,2r) 
since u > 0 and B(y,r) C B(xo, 2r) 
3d 
= u(y)dy 
wa(3r)4 _— 
3¢ | 
u(y)dy, 
wa(3r)¢ B(y2,3r) 


since u > 0 and B(x, 2r) C B(y2,3r) 
= 37u(ye), 


u(y) = 


< 


and in particular, 


sup u<3? inf 4, 
B(xo,r) B(xo,r) 


which is the claim in this special case. 
For an arbitrary subdomain 2’ CC 2, we choose r > 0 with 


1 
r <7 dist(12’,02). 


Since 2’ is bounded and connected, there exists m € N such that any two 
points 41, y2 € $2’ can be connected in 2’ by a curve that can be covered 
by at most m balls of radius r with centers in 2’. Composing the preceding 
inequalities for all these balls, we get 


u(yr) < 3™4u(yo). 


Thus, we have verified the claim for c = 3’. 


The Harnack inequality implies the following result: 


Corollary 1.2.10 (Harnack convergence theorem): Let u, : 2 — R be 
a monotonically increasing sequence of harmonic functions. If there exists 
y € 2 for which the sequence (Un(y))nen is bounded, then Un converges on 
any subdomain 2! CC Q uniformly towards a harmonic function. 


Proof: The monotonicity and boundedness imply that u,,(y) converges for 
n — oo. For e > 0, there thus exists N € N such that forn >m> WN, 


0 < un(y) — Um(y) <e. 


Then wy, — Um is a nonnegative harmonic function (by monotonicity), and by 
Corollary 1.2.9, 
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sup(tn — Um) <ce, (wlog y € 2), 
QQ’ 
where c depends on d, 2, and 2’. Thus (uy)nen converges uniformly in all 
of 2’. The uniform limit of harmonic functions has to satisfy the mean value 
formulae as well, and it is hence harmonic itself by Theorem 1.2.1. 


Summary 


In this chapter we encountered some basic properties of harmonic functions, 
i.e., of solutions of the Laplace equation 


Au=0 inf, 
and also of solutions of the Poisson equation 
Au=f ing 


with given f. 

We found the unique solution of the Dirichlet problem on the ball (Theo- 
rem 1.1.2), and we saw that solutions are smooth (Corollary 1.1.2) and even 
satisfy explicit estimates (Corollary 1.2.7) and in particular the maximum 
principle (Corollary 1.2.3, Corollary 1.2.4), which actually already holds for 
subharmonic functions (Lemma 1.2.1). All these results are typical and char- 
acteristic for solutions of elliptic PDEs. The methods presented in this chap- 
ter, however, mostly do not readily generalize, since they have used heavily 
the rotational symmetry of the Laplace operator. In subsequent chapters we 
thus need to develop different and more general methods in order to show 
analogues of these results for larger classes of elliptic PDEs. 


Exercises 


1.1 Determine the Green function of the half-space 
{x = (a',...,2%) € R*: 2’ > 0}. 


1.2 On the unit ball B(0,1) Cc R%, determine a function H(z, y), defined for 
xcFy, with 
(i) s2-H(z,y) = 1 for x € AB(0, 1); 
(ii) A(a,y) — I'(a,y) is a harmonic function of x € B(0,1). (Here, 
I'(x,y) is a fundamental solution.) 
1.3 Use the result of Exercise 1.2 to study the Neumann problem for the 
Laplace equation on the unit ball B(0,1) Cc R?: 
Let g : 0B(0,1) + R with Sao) g(y) do(y) = 0 be given. We wish to 
find a solution of 


Au(x) = 0 for « € B(0,1), 
Ou 


ay) =g(x) for x € OB(0,1). 


1.4 


1.5 


1.6 


ef, 


1.8 


1.9 
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Let u: B(O,R) > R be harmonic and nonnegative. Prove the following 
version of the Harnack inequality: 


RE* R= ll) 09) < ya) < BRD, 
(R+ |a|)e* ee (R—|a))-1 ) 


for all x € B(O, R). 

Let u: R¢ — R be harmonic and nonnegative. Show that u is constant. 
(Hint: Use the result of Exercise 1.4.) 

Let u be harmonic with periodic boundary conditions. Use the maximum 
principle to show that u is constant. 

Let 2 c R? \ {0}, wu: Q > R harmonic. Show that 


1 vi ox?) 
1 2 3 
UZ Ae TG. —d UW 
ae oa (Parar) 


is harmonic in the region (Q! := {« R? : ( 2a, oa ) a}. 


|x|?” |2|?? |x? 


— Is there a deeper reason for this? 

— Is there an analogous result for arbitrary dimension d? 
Let 2 be the unbounded region {x € R@: |a| > 1}. Let u € 07(2)N 
C°(Q) satisfy Au = 0 in 2. Furthermore, assume 


lim u(x) = 0. 
|z|—>00 


Show that 


Bie jul = max ul. 


(Schwarz reflection principle): 
Let Q+ c {x? > 0}, 


F020" nis* So} Zo. 


Let u be harmonic in 2+, continuous on Qt UY’, and suppose u = 0 on 
+’. We put 


24 d WE ica) for z¢ > 0, 
WG sient a= ; z 3 
—u(x',...,-2%) for * <0. 
Show that a@ is harmonic in Qt UYU Q-, where Q~ := {x € R?: 
(a!,...,-a%) € QT}. 


Let 2 Cc R4 be a bounded domain for which the divergence theorem 
holds. Assume u € C?(2),u =0 on 02. Show that for every ¢ > 0, 


2 | [vu(e)Pae<e f (Au(a))? de+ =| Nie 
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2. The Maximum Principle 


Throughout this chapter, Q is a bounded domain in R?. All functions wu are 
assumed to be of class C?(). 


2.1 The Maximum Principle of E. Hopf 


We wish to study linear elliptic differential operators of the form 
qd do 
Lu(x) = S> a'¥(x)tipigs (w) + S~ b'(x)ugi (x) + e(x)u(2), 
i,j=l i=1 


where we impose the following conditions on the coefficients: 


(i) Symmetry: a(x) = a?*(x) for all i,j and 2 € 2 (this is no serious 
restriction). 
(ii) Ellipticity: There exists a constant \ > 0 with 


d 
Ale? < So al (age? for alla e 2,€ ERA 


ij=l 


(this is the key condition). 
In particular, the matrix (a’/(x));,;=<1,...,.4 is positive definite for all x, 
and the smallest eigenvalue is greater than or equal to A. 

(iii) Boundedness of the coefficients: There exists a constant K with 


Ja’? (x)| , [b'(a) 


\e(z)| << K for alli,j andre 2. 


2 


Obviously, the Laplace operator satisfies all three conditions. The aim of the 
present chapter is to prove maximum principles for solutions of Lu = 0. It 
turns out that for that purpose, we need to impose an additional condition 
on the sign of c(a), since otherwise no maximum principle can hold, as the 
following simple example demonstrates: The Dirichlet problem 
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has the solutions 
u(x) = asina 


for arbitrary u, and depending on the sign of a, these solutions assume a 
strict interior maximum or minimum at x = 7/2. The Dirichlet problem 


however, has 0 as its only solution. 

As a start, let us present a proof of the weak maximum principle for 
subharmonic functions (Lemma 1.2.1) that does not depend on the mean 
value formulae: 


Lemma 2.1.1: Let u € C?(Q)N 0°(2), Au>0 in Q. Then 


= ; 2.1.1 
a max w ( ) 


(Since u is continuous and Q is bounded, and the closure Q thus is compact, 
the supremum of u on 2 coincides with the maximum of u on 92.) 


Proof: We first consider the case where we even have 


Au>0O inf. 


Then wu cannot assume an interior maximum at some 7 € 2, since at such 
a maximum, we would have 


Ugigi(%o) <0 fori =1,...,d, 
and thus also 
Au(x%o) < 0. 


We now come to the general case Au > 0 and consider the auxiliary function 


which satisfies 
Av=v> 0. 
For each ¢ > 0, then 
A(u+ev) >0 in Q, 


and from the case studied in the beginning, we deduce 
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sup(u + ev) = max(u + ev). 
Q 02 


Then 


supu+t einfv < maxu+emaxv, 
Q Q Xe) AQ 


and since this holds for every ¢ > 0, we obtain (2.1.1). 


Theorem 2.1.1: Assume c(x) =0, and let u satisfy in Q 


Tu > 0, 
1.€., 
S5 a (a)uzigi + Y-d'(a) ug > 0. (2.1.2) 
ij=l i=1 
Then also 
= . 2.1.3 
os u(x) = max u(x) (2.1.3) 


In the case Lu <0, a corresponding result holds for the infimum. 
Proof: As in the proof of Lemma 2.1.1, we first consider the case 
Lu > 0. 
Since at an interior maximum 2 of u, we must have 
Ugzi(%o) =O fori =1,...,d, 
and 
(Uxixi(Z0)); j=1,...4 negative semidefinite, 


and thus by the ellipticity condition also 
g os 
Lu(wo) = }) a (ao) Ugini (#0) < 0, 


such an interior maximum cannot occur. 
Returning to the general case Lu > 0, we now consider the auxiliary 
function 


u(x“) =e 


for a > 0. Then 
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Lv(x) = (a%a'!(x) + ab! (x)) v(z). 


Since Q and the coefficients b’ are bounded and the coefficients satisfy 
a(x) > A, we have for sufficiently large a, 


Lv > 0, 
and applying what we have proved already to u + ev 
(L(u+ ev) > 0), 


the claim follows as in the proof of Lemma 2.1.1. The case Lu < 0 can be 
reduced to the previous one by considering —u. 


Corollary 2.1.1: Let L be as in Theorem 2.1.1, and let f € C°(2), yp € 
C°(OQ) be given. Then the Dirichlet problem 


Lu(x) = f(x) forre Q, (2.1.4) 
u(x) = g(a) fora € 02, 
admits at most one solution. 
Proof: The difference u(x) = u1(x) — u2(a) of two solutions satisfies 


Iv(z)=0 in Q, 
v(x) =0 on O2, 


and by Theorem 2.1.1 it then has to vanish identically on 22. 


Theorem 2.1.1 supposes c(x) = 0. This assumption can be weakened as 
follows: 


Corollary 2.1.2: Suppose c(x) < 0 in Q. Let u € C?(2)N C°(Q) satisfy 
Iu>0 in. 
With u* (a) := max(u(zx),0), we then have 


+ + 
supu’ <maxu'. 2.1.5 
ea ~ 02 ( ) 


Proof: Let Q* := {x € 2: u(x) > 0}. Because of c < 0, we have in QT, 


d d 
y a) (x) Ugigs + > b'(x)u,i > 0, 
ij=l i=1 


and hence by Theorem 2.1.1, 


sup u < max wu. 2.1.6 
pe ~ OQr ( ) 


2.1 The Maximum Principle of E. Hopf 


We have 


u=0 on dNtND (by continuity of u), 
max wu<mMmaxu, 
AQtNAN AQ 
and hence, since 027 = (0Qt N 2) U(ON* NAM), 


max u < max ur. 
02 


aaQr 


Since also 


sup ut = supu, 
Q at 


(2.1.5) follows from (2.1.6), (2.1.7). 
We now come to the strong maximum principle of E. Hopf: 
Theorem 2.1.2: Suppose c(x) = 0, and let u satisfy in Q, 


Lu > 0. 
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(2.1.7) 


(2.1.8) 


(2.1.9) 


If u assumes its maximum in the interior of 2, it has to be constant. More 
generally, if c(a) <0, u has to be constant if it assumes a nonnegative interior 


maximum. 


For the proof, we need the boundary point lemma of E. Hopf: 


Lemma 2.1.2: Suppose c(x) < 0 and 
Lu>0 in! CR, 


and let x9 € O92’. Moreover, assume 


(i) u is continuous at Xo; 
(ii) tla) > 0 if (x) # 0; 
(itt) u(ao) > u(x) for all x € 2; 
(iv) there exists a ball B(y, R) C Q! with xo € OB(y, R). 


We then have, with r := |x — y|, 


Ou 


5p (0) = 0, 


provided that this derivative (in the direction of the exterior normal of 2’) 


exists. 


38 2. The Maximum Principle 


Proof: We may assume 
OB(y, R) NOM = {zo}. 


For 0 < p < R, on the annular region B(y, R) \ B(y,p) we consider the 
auxiliary function 


2 2 
u(x) = eve ager 
We have 


d 
Lv(x) = {4 os a’) (x) (a* _ y’) (x? - y’) 


ar 


— 24 5 a(x) + b'(a) (2 — y’) Jee 
+ (x) (ene - — : 


For sufficiently large y, because of the assumed boundedness of the coefficients 
of Z and the ellipticity condition, we have 


Lv>0 in Bly, R) \ Bly, p). (2.1.10) 
By (iii) and (iv), 
u(x) —u(ap) <0 for « € Bly, R). 
Therefore, we may find ¢ > 0 with 
u(a) — u(ao) + ev(a) <0 for x € OB(y, p). (2.1.11) 


Since v = 0 on OB(y, R), (2.1.11) continues to hold on OB(y, R). On the 
other hand, 


DL (u(a) — u(ao) + ev(x)) > —c(x)u(ao) > 0 (2.1.12) 


by (2.1.10) and (ii) and because of c(x) < 0. Thus, we may apply Corol- 
lary 2.1.2 on B(y, R) \ By, p) and obtain 


u(x) —u(xo) +ev(x) <0 for x € B(y, R) \ B(y,p). 


Provided that the derivative exists, it follows that 


3 (u(x) — u(ao) + ev(x)) > 0 at x = 20, 
e 
and hence for 7 = Zo, 

3) Ov(x) _ <e 

5p ula) >-e ceade (27Re ) > 0. 
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Proof of Theorem 2.1.2: We assume by contradiction that u is not constant, 
but has a maximum m (> 0 in case c £0) in 2. We then have 


MY :={xEQ:ul(x)<m} FO 


and 
OYNNQNF SV. 


We choose some y € 92’ that is closer to 02’ than to OQ. Let B(y, R) be 
the largest ball with center y that is contained in 2’. We then get 


u(xo) =m_ for some a € OB(y, R), 
and 
u(x) <u(xo) for x € 2. 
By Lemma 2.1.2, 
Du(2o) 4 0, 


which, however, is not possible at an interior maximum point. This contra- 
diction demonstrates the claim. 


2.2 The Maximum Principle of Alexandrov 
and Bakelman 


In this section, we consider differential operators of the same type as in the 
previous one, but for technical simplicity, we assume that the coefficients c(x) 
and b'(a#) vanish. While similar results as those presented here continue to 
hold for vanishing b'(x) and nonpositive c(x), here we wish only to present 
the key ideas in a situation that is as simple as possible. 


Theorem 2.2.1: Suppose that u € C?(Q)C°(Q) satisfies 
d mie 
Lu(z) := S a4 (x)ugigs > f(x), (2.2.1) 
ij=l 


where the matrix (a‘)(ax)) is positive definite and symmetric for each x € Q. 
Moreover, let 


Lf(@)I" 


i detavan < 00. (2.2.2) 


We then have 


1/d 
diam(2) ( f _ [fal 
< 7 d. : 2.2. 
ae ae ( aten i on 
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In contrast to those estimates that are based on the Hopf maximum prin- 
ciple (cf., e.g., Theorem 2.3.2 below), here we have only an integral norm 
of f on the right-hand side, i.e., a norm that is weaker than the supremum 
norm. In this sense, the maximum principle of Alexandrov and Bakelman is 
stronger than that of Hopf. 

For the proof of Theorem 2.2.1, we shall need some geometric construc- 
tions. For v € C°(Q), we define the upper contact set 


Tt (v) := {ye Q:ApeR? Vee Q: v(x) <v(y)+p-(x—y)}. (2.2.4) 


The dot “.” here denotes the Euclidean scalar product of R¢. The p that 
occurs in this definition in general will depend on y; that is, p = p(y). The 
set Tt (v) is that subset of Q in which the graph of v lies below a hyperplane 
in R¢! that touches the graph of v at (y,v(y)). If vu is differentiable at 
y € T*(v), then necessarily p(y) = Dv(y). Finally, v is concave precisely if 
Te) S22. 


Lemma 2.2.1: For v € C?(Q), the Hessian 
(Veins )¢ gat sins d 
is negative definite on TT (v). 
Proof: For y € T*(v), we consider the function 
w(x) = v(x) — v(y) — ply): (@ — 9). 


Then w(a) <0 on Q, since y € TT (v) and w(y) = 0. Thus, w has a maximum 
at y, implying that (wzi2i7(y)) is negative semidefinite. Since vgigs = Wyigi 
for all 7,7, the claim follows. 


If v is not differentiable at y € T*(v), then p = p(y) need not be unique, 
but there may exist several p’s satisfying the condition in (2.2.4). We assign 
to y € TT (v) the set of all those p’s, i.e., consider the set-valued map 


Ty(y) = {p € RO: Va € Q: v(x) < v(y) +p: (e—-y)}. 
For y ¢ Tt(v), we put 7(y) := 0. 
Example 2.2.1: Q= B(0,1), 8>0, 


v(x) = B(1 — |2\). 


The graph of v thus is a cone with a vertex of height ( at 0 and having the 
unit sphere as its base. We have Tt (v) = B(0, 1), 


om B(0,@) for y=0, 
ve {-54} for y #0. 


2.2 The Maximum Principle of Alexandrov and Bakelman Al 


For the cone with vertex of height 3 at xo and base OB(xo, R), 
|x = Xo| 
= 1 — ——— 
fe) =9 (1- FS 


and 2 = B (ao, R), and analogously, 


Te (B(ao, R)) = 7,(29) = B(0, B/R). (2.2.5) 
We now consider the image of 2 under Ty, 


Ty(2) = U T(y) C RY. 
yEN 


We will let £4 denote d-dimensional Lebesgue measure. Then we have the 
following lemma: 


Lemma 2.2.2: Let v € C?(2)1C°(Q). Then 


La(t»(2)) < det (vpigs(x))| dex. (2.2.6) 


Tt+(v) 
Proof: First of all, 
Ty(2) = Ty(Tt (v)) = Do(Tt (v)), (2.2.7) 


since v is differentiable. By Lemma 2.2.1, the Jacobian matrix of Du : Q—> 
R¢, namely (vzizi), is negative semidefinite on T+(v). Thus Dv — ¢ Id has 
maximal rank for ¢ > 0. From the transformation formula for multiple inte- 
grals, we then get 

dx. 


La((Du—ela) (T*@))) < i det (tigc9s (a2) — 6%) 


Tt+(v) 


i,j=1,...,d 


(2.2.8) 


Letting € tend to 0, the claim follows because of (2.2.7). 


We are now able to prove Theorem 2.2.1: We may assume 
u<0O ond 


by replacing u by u— maxgg uw if necessary. 

Now let 2 € 2, u(x) > 0. We consider the function Kz, on B(xo, 6) with 
6 = diam({2) whose graph is the cone with vertex of height u(ao) at xo and 
base 0B(ao,6). From the definition of the diameter 6 = diam 2, 


QC B(xo, 0). 
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Since we assume u < 0 on O22, for each hyperplane that is tangent to this 
cone there exists some parallel hyperplane that is tangent to the graph of u. 
(In order to see this, we simply move such a hyperplane parallel to its original 
position from above towards the graph of u until it first becomes tangent to 
it. Since the graph of wu is at least of height u(a), i-e., of the height of the 
cone, and since u < 0 on 02 and 02 C B(xo, 4), such a first tangency cannot 
occur at a boundary point of 2, but only at an interior point 7;. Thus, the 
corresponding hyperplane is contained in 7,(x;).) This means that 


Trem, (82) C Tu(Q2). (2.2.9) 
By (2.2.5), 
Tix) (92) = B (0, u(a0)/6) - (2.2.10) 


Relations (2.2.6), (2.2.9), (2.2.10) imply 


La(B(0,u(st0)/8)) < i let (cae, (e)) a 


T+(u) 
and hence 
5 1/d 
d uU 
5 1/d 
~ “Td (/ (—1)4 det (sso) a] (2.2.11) 
Wy T+(u) 


by Lemma 2.2.1. Without assuming u < 0 on 02, we get an additional term 
maxgg u on the right-hand side of (2.2.11). Since the formula holds for all 
to € 92, we have the following result: 


Lemma 2.2.3: For u € C?(2)0°(9), 


di Q 1/d 
supu < maxu + —_ i, (—1)@ det (ugigs(a)) dar . (2.2.12) 
Q aQ wi! T+(u) 


In order to deduce Theorem 2.2.1 from this result, we need the following 
elementary lemma: 


Lemma 2.2.4: On T*(u), 


(-1)"det (uares(2)) < 5 ait) 1 ati(a)tens (2) _ (2.2.13) 
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Proof: It is well known that for symmetric, positive definite matrices A, B, 


d 
det Adet B < € trace AB) ; 


which is readily verified by diagonalizing one of the matrices, which is possible 
if that matrix is symmetric. 

Inserting A = (—u,iz;), B = (a7) (which is possible by Lemma 2.2.1 and 
the ellipticity assumption), we obtain (2.2.13). 


Inequalities (2.2.12), (2.2.13) imply 
1/d 


sup u < maxu+ dx 


o] 02 dus! 4 


diamn(0) (— Dhar 2 (@) usin (2))” 
ale os det (a(a)) 


(2.2.14) 


In turn (2.2.14) directly implies Theorem 2.2.1, since by assumption, — S> a” 
Ugigi < —f, and the left-hand side of this inequality is nonnegative on Tt (u) 
by Lemma 2.2.1. 


We wish to apply Theorem 2.2.1 to some nonlinear equation, namely, the 
two-dimensional Monge—Ampére equation. 
Thus, let Q be open in R? = {(x!, x?)}, and let u € C?(Q) satisfy 


Ugigi (L)Ug2_2(£) — u21,2(z) = f(z) in Q, (2.2.15) 


with given f. In order that (2.2.15) be elliptic: 


(i) the Hessian of u must be positive definite, and hence also 
(ii) f(x) > 0 in 2. 


Condition (i) means that u is a convex function. Thus, u cannot assume a 
maximum in the interior of 2, but a minimum is possible. In order to control 
the minimum, we observe that if u is a solution of (2.2.15), then so is (—w). 
However, equation (2.2.15) is no longer elliptic at (—u), since the Hessian of 
(—u) is negative, and not positive, so that Theorem 2.2.1 cannot be applied 
directly. We observe, however, that Lemma 2.2.3 does not need an ellipticity 
assumption, and obtain the following corollary: 


Corollary 2.2.1: Under the assumptions (i), (ii), a solution u of the Monge- 
Ampere equation (2.2.15) satisfies 


diam() 3 
inf u > min wu — a @ f(e)de) : 
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The crucial point here is that the nonlinear Monge-Ampére equation for 
a solution u can be formally written as a linear differential equation. Namely, 
with 


11 (7) stean2(2), a(x) =a" (xz) = ststea(2); 
22 (op) = Sth gs (2) 


(2.2.15) becomes 


A” thst gd (x) — f(z), 


ij=l 


and is thus of the type considered. Consequently, in order to deduce properties 
of a solution u, we have only to check whether the required conditions for 
the coefficients a‘7(x) hold under our assumptions about u. It may happen, 
however, that these conditions are satisfied for some, but not for all, solutions 
u. For example, under the assumptions (i), (ii), (2.2.15) was no longer elliptic 
at the solution (—w). 


2.3 Maximum Principles for 
Nonlinear Differential Equations 


We now consider a general differential equation of the form 
Flu] = F(x, u, Du, D?u) = 0, (2.3.1) 


with F : § := 2x Rx R¢ x S(d,R) — R, where 9(d,R) is the space of 
symmetric, real-valued, dx d matrices. Elements of S are written as (a, 2, p,1); 
here p = (pi,..., pa) € R¢, r = (rij)i,j=1,....a € S(d,R). We assume that F is 
differentiable with respect to the rj;. 


Definition 2.3.1: The differential equation (2.3.1) is called elliptic at u € 
C?(2) if 


(= («,u(2), Dua), DPu(2)) ) is positive definite. (2.3.2) 
Orij i,j=l,...d 

For example, the Monge-Ampére equation (2.2.15) is elliptic in this sense if 
the conditions (i), (ii) at the end of Section 2.2 hold. 

It is not completely clear what the appropriate generalization of the max- 
imum principle from linear to nonlinear equations is, because in the linear 
case, we always have to make assumptions on the lower-order terms. One 
interpretation that suggests a possible generalization is to consider the max- 
imum principle as a statement comparing a solution with a constant that 
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under different conditions was a solution of Lu < 0. Because of the linear 
structure, this immediately led to a comparison theorem for arbitrary solu- 
tions u,,U2 of Lu = 0. For this reason, in the nonlinear case we also start 
with a comparison theorem: 


Theorem 2.3.1: Let uo, u, € C?(2)N C°(2), and suppose 


yy PEC), 
(ii) F is elliptic at all functions tu; + (1—t)up,0<t <1, 
(tii) for each fixed (x,p,r), F is monotonically decreasing in z. 


If 

uy <ug on OQ 
and 

Flu| > Fluo] in Q, 

then either 

uy<ug in Q2 
or 

U=u, inf. 
Proof: We put 

Uv I=U1 — UO, 


up =tu, +(1—t)uo for0<t<1, 


a’) (x) =| a (x, u(x), Duz(x), D? uz (2) dt, 


b' (a) = = (x, u(x), Duz(x), D?up(x)) dt, 


OF 


c(x) =| Dr (x, u(x), Du;(x), D?u(x)) dt 


(note that we are integrating a total derivative with respect to 
t, namely, 4F(a, u,(x), Du; (x), D?u;(x)), and consequently, we 
can convert the integral into boundary terms, leading to the 
correct representation of Lv below; cf. (2.3.3)), 


d d 
Llv:= Pe a®] (x) Ugigs (x) + ey b'(x)uzi (x) + e(x)v(2). 


Lv = Flu| — Fluo] [0 in 2. (2.3.3) 


The equation L is elliptic because of (ii), and by (iii), c(a#) < 0. Thus, we may 
apply Theorem 2.1.2 for v and obtain the conclusions of the theorem. 
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The theorem holds in particular for solutions of F'[u] = 0. The key point in 
the proof of Theorem 2.3.1 then is that since the solutions up and wu, of the 
nonlinear equation Fu] = 0 are already given, we may interpret quantities 
that depend on uo and u, and their derivatives as coefficients of a linear 
differential equation for the difference. 

We also would like to formulate the following uniqueness result for the 
Dirichlet problem for F[u] = f with given f: 


Corollary 2.3.1: Under the assumptions of Theorem 2.3.1, suppose Up = Uy 
on O22, and 


Fluo] = Flu] in 2. 


Then up = uz in 22. 


As an example, we consider the minimal surface equation: Let Q Cc R? = 
{(z,y)}. The minimal surface equation then is the quasilinear equation 


(1+ UZ) vce — 2ugtyUey + (1+ U2) uyy = 0. (2.3.4) 
Theorem 2.3.1 implies the following corollary: 


Corollary 2.3.2: Let uo,ui € C?(Q) be solutions of the minimal surface 
equation. If the difference ug — uy assumes U maximum or minimum at an 
interior point of 2, we have 


Ug — Uy =const in 2. 


We now come to the following maximum principle: 


Theorem 2.3.2: Let u € C?(2)1C0°(Q), and let F € C?(S). Suppose that 
for some X > 0, the ellipticity condition 


=, OF 
2 tej 
Alél’ < Xu Brg Or PINES (2.3.5) 
holds for all € € R¢, (a,z,p,r) € S. Moreover, assume that there exist con- 
stants [41, U2 such that for all (x, z,p), 


F(a, z,p,0) sign(z 
EE EN) Soh a (2.8.6) 
nN aN 
If 
Flu) =0 inf, 
then 
sup |u| < max |u| + ge (2.3.7) 
Q ~ OQ A 


where the constant c depends on jt, and the diameter diam(). 
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Here, one should think of (2.3.6) as an analogue of the sign condition 
c(x) < 0 and the bound for the b’(2) as well as a bound of the right-hand 
side f of the equation Lu = f. 


Proof: We shall follow a similar strategy as in the proof of Theorem 2.3.1 and 
shall reduce the result to the maximum principle from Section 2.1 for linear 
equations. Here v is an auxiliary function to be determined, and w := u—v. 
We consider the operator 


d d 
Lw:= S- a’) (2) Wigs + oS b' (x) wai 
ij=l i=1 
with 
ij : OF 2 
a” (gf) i= ay (x, u(x), Du(x),tD?u(z)) dt, (2.3.8) 
0 a 


while the coefficients b'(x) are defined through the following equation: 


a wee f for ; 
2 (x) wei =o, eS (x, u(x), Du(x),tD?u(z)) 
OF : 
~ Fag (Bue), Dela), tD?u(2)) ) db vin 


+ F (x, u(x), Du(x),0) — F (a, u(x), D(x), 0). (2.3.9) 


(That this is indeed possible follows from the mean value theorem and the 
assumption F' € C7. It actually suffices to assume that F' is twice continu- 
ously differentiable with respect to the variables r only.) Then L satisfies the 
assumptions of Theorem 2.1.1. Now 


Lw = L(u—v) 
d 1 
= ( a (x, u(x), Du(x),tD?u(z)) ar) Ugigs + F(x, u(x), Du(x), 0) 
ijar 0 OP g 
d 1 
= Ds (/ = (x, u(x), Du(x),tD*u(z)) ar) Uzigis — F(x, u(x), Dv(x), 0) 
d 
= F (z,u(x), Du(x), D?u(z)) — a a (x)Upigi + F (x, u(x), Du(x),0) | , 
- (2.3.10) 
with 
ad (2) = = (a, u(x), Du(x),tD*u(x)) dt (2.3.11) 
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(this again comes from the integral of a total derivative with respect to t). 
Here by assumption 


d 
AEP? < So aM (ae for alla e 2,€ ER’. (2.3.12) 
i,j=1 
We now look for an appropriate auxiliary function v with 


Mv := > a4 (x)Ugizi + F(x, u(x), Dv(x),0) < 0. (2.3.13) 


We now suppose that for 6 := diam(2), 2 is contained in the strip {0 < 
x! < 6}. We now try 


v(x“) = max ut + ~ (oar - cee) (2.3.14) 


(ut (x) = max(0, u(x))). 
Then 


Mv =— 2 (uy +17 al (a)e+" + F(x, u(c), Do(2), 0) 


7. 1 
— fo (tr +1)? TY + opt (Ha + LI eM tY®’ + pup 


< 
<0 


by (2.3.6), (2.3.12). This establishes (2.3.13). Equation (2.3.10) then implies, 
even under the assumption F[u] > 0 in place of F/u] = 0, 


Lw > 0. 
By definition of v, we also have 
w=u-v<0 ondN”. 
Theorem 2.1.1 thus implies 
u<v inf, 


and (2.3.7) follows with ¢ = e+!) diam(2) _ 1. More precisely, under the 
assumption Fu] > 0, we have proved the inequality 


L2 
< F4 eo" 2.3.15 
apa eu te ( ) 
but the inequality in the other direction of course follows analogously, i.e., 


: : = 2 
= — oo 


(u7 (x) := min(0, u(a))). 
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Theorem 2.3.2 is of interest even in the linear case. Let us look once more 
at the simple equation 


f(a) +«f(x) =0 for x € (0,7), 
f(0) = f(r) = 9, 


with constant «. We may apply Theorem 2.3.2 with A = 1, yw, = 0, 


= KSUP(o,,)|f| for « > 0, 
: 0 for k <0. 


It follows that 
sup |f| < ck sup | f]; 
(0,7) (0,77) 
ie., if 


K<-, 
c 
we must have f = 0. More generally, in place of k, one may take any function 
c(x) with c(a) < « on (0,7) and consider f(a) + c(x) f(x) = 0, without 
affecting the preceding conclusion. In particular, this allows us to weaken 
the sign condition c(a#) < 0. The sharpest possible result here is that f = 0 
if « is smaller than the smallest eigenvalue A; of a on (0,7), ie., 1. This 
analogously generalizes to other linear elliptic equations, e.g., 


Af(x)+«f(z)=0 in Q, 
f(y) =90 on dQ. 


Theorem 2.3.2 does imply such a result, but not with the optimal bound A}. 
A reference for the present chapter is Gilbarg—Trudinger [9]. 


Summary and Perspectives 


The maximum principle yields examples of so-called a priori estimates, i.e., 
estimates that hold for any solution of a given differential equation or class 
of equations, depending on the given data (boundary values, right-hand side, 
etc.), without the need to know the solution in advance or without even 
having to guarantee in advance that a solution exists. Conversely, such a 
priori estimates often constitute an important tool in many existence proofs. 
Maximum principles are characteristic for solutions of elliptic (and parabolic) 
PDEs, and they are not restricted to linear equations. Often, they are even 
the most important tool for studying certain nonlinear elliptic PDEs. 
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Exercises 


2.1 Let 2;,22 C R¢@ be disjoint open sets such that 2, 9 22 contains a 
smooth hypersurface T, e.g., 

QA nach” 

ee Ce 

Se ck 8" 


la] <1,2*> 0}, 
:|2| < 1,2" < 0}, 
he 1 OL, 


ee a ee a 


Let u € C°(Q, U 22) NC?(2Q,) NC? 


ie., 


922) be harmonic on 2; and on 22, 


Au(z) =0, rE MUN. 


Does this imply that u is harmonic on 92; U 22 UT? 
2.2 Let 2 be open in R? = {(z,y)}. For a nonconstant solution u € C?() 
of the differential equation 


Ury =O inf, 


is it possible to assume an interior maximum in 2? 
2.3 Let 2 be open and bounded in R@ On 


2% (6.20) 2 RPS ea 
we consider the heat equation 


d 


2 
u,z= Au, where A= > ss 
i=1 


(Oat)? 


Show that for bounded solutions u € C?(Q x (0,00)) NC°(Q x [0, 00)), 


sup u< sup U. 
2x (0,00) (2x {0})U(OLx [0,00)) 


2.4 Let u: Q > R be harmonic, 2’ CC 2 Cc R¢. We then have, for all i, j 
between 1 and d, 


2 
iehag<(— sup [ul 
up |uzi a | << | = up |u|. 
oe dist(Q’,02)) oe 


Prove this inequality. Write down and demonstrate an analogous inequal- 
ity for derivatives of arbitrary order! - 
2.5 Let 2 Cc R¢ be open and bounded. Let u € C?(Q) A C°(Q) satisfy 


Au=u?, «ef, 
u=0, «Eon. 


Show that u=0 in 22. 


2.6 


2.7 


2.8 


2.9 
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Prove a version of the maximum principle of Alexandrov and Bakelman 
for operators 
n 
Lu= >> a9(2)t9:93(2), 


i,j=l 
assuming in place of ellipticity only that det(a’(x)) is positive in Q. 
Control the maximum and minimum of the solution u of an elliptic 
Monge-Ampére equation 


det(ugi 2i(x)) = f(x) 


in a bounded domain 2. 
Let u € C?(2) be a solution of the Monge~Ampére equation 


det(ugi gi(x)) = f(x) 


in the domain 2 with positive f. Suppose there exists x) € 92 where the 
Hessian of wu is positive definite. Show that the equation then is elliptic 
at u in all of 22. . 

Let R? := {(x',x?)}, 2 := B(0, Re) \ B(O, Ri) with Rg > R, > 0. The 
function ¢(x',x*) := a+ blog(|z|) is harmonic in Q for all a,b. Let 
u € C?(Q) A C°(Q) be subharmonic, i.e., 


Au>0, rE. 


Show that 
M(R,) log( #2) + M(R2) log( + 
Mir) < (R;) log(=?) : (R2) log( zz) 
log( #2) 
with 
M(r) := max u(x 
OB(0,r) 
and Ry <r< Ro. 
Let 
by, Dew 2 
Uy ig te y I 
38 lo 2 
U2 2 5 (2 y’) 


Show that wu, and uz solve the Monge-Ampére equation 
Una Uyy — Wen =1 
and 
uy =uU2=1 on OB(0,1). 


Is this compatible with the uniqueness result for the Dirichlet problem 
for nonlinear elliptic PDEs? 
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2.11 Let Qp := Q x (0,T), and suppose u € C?(Qr) N C°(Qr) satisfies 
uz = Au+u? in OQ, 
u(z,t) >e>0 for (x, t) € (92 x {0}) U(O x [0,T)). 


Show that - 
(a) u>c for all (a, t) € Qr. 
(b) If in addition u(x,t) = u(a#,0) for all « € OM and all t, then T < oo. 


3. Existence Techniques I: Methods Based on 
the Maximum Principle 


3.1 Difference Methods: Discretization of 
Differential Equations 


The basic idea of the difference methods consists in replacing the given dif- 
ferential equation by a difference equation with step size h and trying to 
show that for h > 0, the solutions of the difference equations converge to a 
solution of the differential equation. This is a constructive method that in 
particular is often applied for the numerical (approximative) computation of 
solutions of differential equations. In order to show the essential aspects of 
this method in a setting that is as simple as possible, we consider only the 
Laplace equation 


Au=0 (3.1.1) 


in a bounded domain in Q in R¢. We cover R?@ with an orthogonal grid of 
mesh size h > 0; i.e., we consider the points or vertices 


(ses) = (nyh,...,nqh) (3.1.2) 
with ni,...,na € Z. The set of these vertices is called R¥, and we put 
Bea ARE, (3.1.3) 


We say that x = (njh,...,ngh) and y = (myh,...,mgh) (all nj,m,; € Z) are 
neighbors if 


d 
So ln — mi| = 1, (3.1.4) 
i=1 
or equivalently, 
lz —y| =A. (3.1.5) 


The straight lines between neighboring vertices are called edges. A connected 
union of edges for which every vertex is contained in at most two edges is 
called an edge path (see Figure 3.1). 
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Figure 3.1. x (cross) and its neighbors (open = and an edge path in 2), (heavy 
line) and vertices from I}, (solid dots). 


The boundary vertices of Qn, are those vertices of 2, for which not all 
their neighbors are contained in Q,. Let I, be the set of boundary vertices. 
Vertices in 2), that are not boundary vertices are called interior vertices. The 
set of interior vertices is called Q). 

We suppose that 2), is discretely connected, meaning that any two vertices 
in 92; can be connected by an edge path in (2,. We consider a function 


u: 2, +R 


and put, fori =1,...,d, x = (#1,..., 2%) € Qn, 


1 ; . . 
uj(x) = Fi (We eum ae Se | da Ore | —u(z',...,x%)) ; 
1 . 
U7(x) = % (u(z’,...,27) —u(a',...,2° 1,2°-—hot,...,0%)). (3.1.6) 


Thus, u; and uz are the forward and backward difference quotients in the 7th 
coordinate direction. Analogously, we define higher-order difference quotients, 


e.g., 


= 72 (u(a', hs 8 = tule) nt) 
tu(z',...,0'—h,...,2%)). (3.1.7) 


If we wae to emphasize the dependence on the mesh size h, we write 


ul, al ub in place of wu, u;, wiz, etc. 
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The main reason for considering difference quotients, of course, is that for 
functions that are differentiable up to the appropriate order, for h + 0, the 
difference quotients converge to the corresponding derivatives. For example, 
for u € C?(), 


0? 
° h = 
lim wip(va) = (aan); (3.1.8) 


if c, € 2, tends to x € 2 for h > 0. Consequently, we approximate the 
Laplace equation 


Au=0 in Q 


by the difference equation 
d 
Anu := NS "uk =0 in Q, (3.1.9) 
i=1 


and we call this equation the discrete Laplace equation. Our aim now is to 
solve the Dirichlet problem for the discrete Laplace equation 


A,u® =0 in Q, 
u™=g onl, (3.1.10) 


and to show that under appropriate assumptions, the solutions u” converge 


for h > 0 to a solution of the Dirichlet problem 


Au=0 inQ, 
u=g ond, (3.1.11) 


where g’ is a discrete approximation of g. Considering the values of wu" at the 
vertices of 2, as unknowns, (3.1.10) leads to a linear system with the same 
number of equations as unknowns. Those equations that come from vertices 
all of whose neighbors are interior vertices themselves are homogeneous, while 
the others are inhomogeneous. 

It is a remarkable and useful fact that many properties of the Laplace 
equation continue to hold for the discrete Laplace equation. We start with 
the discrete maximum principle: 


Theorem 3.1.1: Suppose 
A,u" >0 in Qn, 
where 2;,, as always, is supposed to be discretely connected. Then 


max u” = maxu". (3.1.12) 


2p, Tn 


If the mazimum is assumed at an interior point, then ul" has to be constant. 
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Proof: Let xo be an interior vertex, and let 71,...,£%2q be its neighbors. Then 
1 2d 
Anu" (x) = ot eS u" (tq) — 2a) (3.1.13) 
If A,u"(x) > 0, then 
u" (xa), (3.1.14) 


ie., u"(xo) is not bigger than the arithmetic mean of the values of u” at the 
neighbors of xo. This implies 


u(ao) << max u"(zra), (3.1.15) 
a=1,...,2d 
with equality only if 
u" (x29) =u"(aa) for all a € {1,..., 2d}. (3.1.16) 


Thus, if wu assumes an interior maximum at a vertex zo, it does so at all 
neighbors of xg as well, and repeating this reasoning, then also at all neighbors 
of neighbors, etc. Since (2; is discretely connected by assumption, up, has to 
be constant in Q,. This is the strong maximum principle, which in turn 
implies the weak maximum principle (3.1.12). 


Corollary 3.1.1: The discrete Dirichlet problem 


for given g” has at most one solution. 


Proof: This follows in the usual manner by applying the maximum principle 
to the difference of two solutions. 


It is remarkable that in the discrete case this uniqueness result already 
implies an existence result: 


Corollary 3.1.2: The discrete Dirichlet problem 


admits a unique solution for each g” : I, > R. 
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Proof: As already observed, the discrete problem constitutes a finite system 
of linear equations with the same number of equations and unknowns. Since 
by Corollary 3.1.1, for homogeneous boundary data g” = 0, the homogeneous 
solution u” = 0 is the unique solution, the fundamental theorem of linear 
algebra implies the existence of a solution for an arbitrary right-hand side, 
ie., for arbitrary g”. 


The solution of the discrete Poisson equation 
Anu’ = f? in a (3.1.17) 


with given f” is similarly simple; here, without loss of generality, we consider 
only the homogeneous boundary condition 


u’=0 onl", (3.1.18) 


because an inhomogeneous condition can be treated by adding a solution of 
the corresponding discrete Laplace equation. 

In order to represent the solution, we shall now construct a Green function 
G" (x,y). For that purpose, we consider a particular f” in (3.1.17), namely, 


for given y € Q,. Then G" (x, y) is defined as the solution of (3.1.17), (3.1.18) 
for that f”. The solution for an arbitrary f” is then obtained as 


u(x) =h? S~ Gh(a,y)f"(y). (3.1.19) 


yen 


In order to show that solutions of the discrete Laplace equation A;,u” = 0 
in 2; for h + 0 converge to a solution of the Laplace equation Au = 0 in 2 
we need estimates for the u” that do not depend on h. It turns out that as 
in the continuous case, such estimates can be obtained with the help of the 
maximum principle. Namely, for the symmetric difference quotient 


Uz(x) = ay (ules cet Oe She ae 
Wd penne yt — hye ps a) 
1 
=5 (uz (a) + uz(x)) (3.1.20) 


we may prove in complete analogy with Corollary 1.2.7 the following result: 


Lemma 3.1.1: Suppose that in Qp, 


Apu" (x) = FP (a). (3.1.21) 
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Let x9 € Q,, and suppose that xo and all its neighbors have distance greater 
than or equal to R from Ij,. Then 


d R 
ju (20)] < Emax |u| + 2 mas |]. (3.1.22) 


Proof: Without loss of generality i = 1, 79 = 0. We put 


‘= max M :=max|f"|. 
M QD, , Op, lf | 


We consider once more the auxiliary function 


h _ 2 ie yal du f M 
u(x) = ye lel ta (R o) (G42). 
Because of 
2 xt 
2 a \ a a _ 
A; |x|" = S- i ((x Lh)? + (2* — A)? —2(z )?) = 2d, 
i=1 
we have again 
Ap (a) =—-M 
as well as 
vw" (0,07 ,..0,87) > 0 for all a*,...,27, 
v(x) > p ec ibiee a UR rae 2 
Furthermore, for u(x) := 5(u"(a',...,2%) —u"(-a',a?,..., 2%), 


| Ana” (x) | <M for those « € Qp,, for which this expression is 
defined, 
u"(0,27,...,07)=0 for all 2”,..., 2%, 
|u’ (x) | <p for |z7|>R, x >0. 


On the discretization B* of the half-ball Bt := {|x| < R,x! > 0}, we thus 
have 


A), (v" a au”) <0 


as well as 


v' +a" >0 on the discrete boundary of Be 


(in order to be precise, here one should take as the discrete boundary all 
vertices in the exterior of B+ that have at least one neighbor in B+). The 
maximum principle (Theorem 3.1.1) yields 
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and hence 
h Lig ie 
ur (0)| = = la (QO). 0)| < pv (h, 0, ,0) 
MN Th 
= pt 5 M4 lt d)h 
For solutions of the discrete Laplace equation 
Anu’ =0 in Qe, (3.1.23) 


we then inductively get estimates for higher-order difference quotients, be- 
h Ry h o/h 
etc. 


cause if u” is a solution, so are all difference quotients u?,u?,ubut, ub, 
For example, from (3.1.22) we obtain for a solution of (3.1.23) that if xo is 
far enough from the boundary [},, then 


; d @ @ 
|uk(xo)| < Rmx |u| < ye mex |u"| = Fe mex |u" |. (3.1.24) 


Thus, by induction, we can bound difference quotients of any order, and we 
obtain the following theorem: 


Theorem 3.1.2: Jf all solutions u” of 

Apu” =0 inh 
are bounded independently of h (i.e., maxp, |u| < p), then in any subdomain 
2 CCL, some subsequence of u” converges to a harmonic function as h + 0. 


Convergence here first means convergence with respect to the supremum 
norm, 1.e., 


lim max |ttn(z) — u(x)| = 0, 


with harmonic u. By the preceding considerations, however, the difference 
quotients of u,, converge to the corresponding derivatives of u as well. 


We wish to briefly discuss some aspects of difference equations that are 
important in numerical analysis. There, for theoretical reasons, one assumes 
that one already knows the existence of a smooth solution of the differential 
equation under consideration, and one wants to approximate that solution 
by solutions of difference equations. For that purpose, let DL be an elliptic 
differential operator and consider discrete operators LZ, that are applied to 
the restriction of a function u to the lattice Qp. 
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Definition 3.1.1: The difference scheme Ly, is called consistent with L if 


lim (Lu — L;u) = 0 
h-0 


for all u € C?(). 
The scheme Ly, is called convergent to L if the solutions u,u" of 


lu=f inQu=g¢ ond, 
Lu" = ik in Q,, where f” is the restriction of f to Qn, 
u’ =" on Ih, where y! is the restriction to Qh of a 
continuous extension of , 


satisfy 


li Mg) — =i 
Jim max |u"(x) — u(x)| 


In order to see the relation between convergence and consistency we con- 
sider the “global error” 


o(x) := u(x) — u(x) 


and the “local error” 


and compute, for 7 € (2), 


Lyo(x) = Lyu"(x) — Lnu(x) = f"(x) — Lu(x) — s(x) 
= -—s(x), since f(x) = f(x) = Lu(z). 


Since 


lim sup |o(a)| = 0, 
h-0 vel), 


the problem essentially is 


Lpo(x%) = —s(x) in Qh, 
a(x) =0 on Ih. 


In order to deduce the convergence of the scheme from its consistency, one 
thus needs to show that if s(a) tends to 0, so does the solution a(x), and 
in fact uniformly. Thus, the inverses ie have to remain bounded in a sense 
that we shall not make precise here. This property is called stability. 

In the spirit of these notions, let us show the following simple convergence 
result: 
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Theorem 3.1.3: Let u € C?(Q) be a solution of 
Au=f inf, 
u=p ondn. 
Let u” be the solution 
A,u” = rid in Qy, 
u’ =" onTh, 
where f",~" are defined as above. Then 


max | w(x) - u(2)| +0 forh—-0. 
LED, 


Proof: Taylor’s formula implies that the second-order difference quotients 
(which depend on the mesh size h) satisfy 


Oru 


Uie(x) = (az'? (Greg ae cath 


with —h < 6‘ < h. Since u € C?(22), we have 


Oru 4 d Oui 4 d 
sup {| —~—<s(a",..., 2° +0',...,2°) —- ——J(a@,...,2",...,2°)] 30 
[5*|<h (on ) (Ox')? 
for h — 0, and thus the above local error satisfies 
sup |s(z)| +0 forh—0. 


Now let 2 be contained in a ball B(ao,R); without loss of generality 
ro = 0. 

The maximum principle then implies, through comparison with the func- 
tion R? — ||’, that a solution v of 


Apv =n in Qn, 
v=0 only, 


satisfies the estimate 


Thus, the global error satisfies 


R 
sup |o(x)| < 57 sup|s(x)|, 


hence the desired convergence. 
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3.2 The Perron Method 


Let us first recall the notion of a subharmonic function from Section 1.2, since 
this will play a crucial role: 


Definition 3.2.1: Let QC R¢, f : Q— [—cv, co) upper semicontinuous in 
2, f #-cx. The function f is called subharmonic in Q if for all Q’ CC Q, 
the following property holds: 


If u is harmonic in 2’, and f <u on 09, then also 
f<uinm”. 


The next lemma likewise follows from the results of Section 1.2: 


Lemma 3.2.1: 


(i) Strong maximum principle: Let v be subharmonic in Q. If there exists 
xo € 2 with v(ao) = supy v(x), then v is constant. In particular, if 
v € C°(Q), then v(x) < maxan v(y) for all x € R. 
(tt) If v1,...,Un are subharmonic, so is v := max(v1,..-,Un)- 
(iti) If v € C°(Q) is subharmonic and B(y,R) CC Q, then the harmonic 
replacement U of v, defined by 


ie v(x) forze Q\ Bly, R), 
of a) es 2_|o 2 ate 
= ee Jan, (y,R) |z— SD, do(z z) for vE By, R), 


[=] 


is subharmonic in Q (and harmonic in B(y, R)). 
Proof: 


(i) This is the strong maximum principle for subharmonic functions. Al- 
though we have not written it down explicitly, it is a direct consequence 
of Theorem 1.2.2 and Lemma 1.2.1. 

(ii) Let 2’ CC Q, u harmonic on 02’, v < u on OM’. Then also 


u,<u ond fori=1,...,n, 
and hence, since v; is subharmonic, 
V,<u on 2. 
This implies 
v,<u on, 


showing that v is subharmonic. 
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(iii) First v < 0, since v is subharmonic. Let 2’ CC 2, u harmonic on 2’, 
v <uon OM. Since v < V, also v < u on OM’, and thus, since v is 
subharmonic, v < u on Q’ and thus 0 < u on 2 \ B(y, R). Therefore, 
also 0 < u on 92/7 OB(y, R). Since U is harmonic, hence subharmonic 
on 2!) B(y, R), we get D < u on 2’ N Bly, R). Altogether, we obtain 
0 <uon 2’. This shows that 0 is subharmonic. 


For the sequel, let y be a bounded function on 2 (not necessarily contin- 
uous). 


Definition 3.2.2: A subharmonic function u € C°(Q) is called a subfunc- 
tion with respect to p if 


ux. forallx € dn. 


Let Sy be the set of all subfunctions with respect to y. (Analogously, a su- 
perharmonic function u € C°(Q2) is called superfunction with respect to y if 
u> pon 0M.) 


The key point of the Perron method is contained in the following theorem: 


Theorem 3.2.1: Let 


u(x) := sup v(x). (3.2.1) 
VES 


Then u is harmonic. 


Remark: If w € C?(Q) 1 C°(Q) is harmonic on , and if w = y on OM, the 
maximum principle implies that for all subfunctions v € Sy, we have v < w 
in (2 and hence 


w(x) = sup v(2). 
vESy 
Thus, w satisfies an extremal property. The idea of the Perron method (and 
the content of Theorem 3.2.1) is that, conversely, each supremum in S,, yields 
a harmonic function. 


Proof of Theorem 8.2.1: First of all, u is well-defined, since by the maximum 
principle v < supggy < oo for all v € Sy. Now let y € 2 be arbitrary. 
By (3.2.1) there exists a sequence {uv,} C Sy, with limp. un(y) = u(y). 
Replacing v, by max(v1,...,Un,infag y), we may assume without loss of 
generality that (Up, )nen is a monotonically increasing, bounded sequence. We 
now choose R with B(y, R) CC 2 and consider the harmonic replacements 
U, for B(y, R). The maximum principle implies that (G,)nen likewise is a 
monotonically increasing sequence of subharmonic functions that are even 
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harmonic in B(y, R). By the Harnack convergence theorem (Corollary 1.2.10), 
the sequence (@,,) converges uniformly on B(y,R) towards some v that is 
harmonic on B(y, R). Furthermore, 


Jim &,(y) = v(y) = uy), (3.2.2) 


since u > By, > Vp and limp-.o Un(y) = u(y). By (3.2.1), we then have v < wu 
in B(y, R). We now show that v = u in B(y, R). Namely, if 


u(z) <u(z) for some z € B(y, R), (3.2.3) 
by (3.2.1), we may find u € S, with 
u(z) < ti(z). (3.2.4) 
Now let 
Wn 2= MaX(Up, U). (3.2.5) 


In the same manner as above, by the Harnack convergence theorem (Corol- 
lary 1.2.10), ©, converges uniformly on B(y, R) towards some w that is har- 
monic on B(y, R). Since w, > vz and wy € Sy, the maximum principle 
implies 


vu<ws<u in Bly, R). (3.2.6) 
By (3.2.2) we then have 


w(y) = v(y), (3.2.7) 


and with the help of the strong maximum principle for harmonic functions 
(Corollary 1.2.3), we conclude that 


w=v in Bly, R). (3.2.8) 


This is a contradiction, because by (3.2.4), 


w(z) = Jim Wn(z) = Jim max(v,(z), u(z)) > u(z) > v(z) = (2). 


Therefore, u is harmonic in 2. 


Theorem 3.2.1 tells us that we obtain a harmonic function by taking the 
supremum of all subfunctions of a bounded function y. It is not clear at all, 
however, that the boundary values of u coincide with y. Thus, we now wish 
to study the question of when the function u(x) := sup,es,, U(x) satisfies 


wae u(x) = 9(€). 


For that purpose, we shall need the concept of a barrier. 
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Definition 3.2.3: (a) Let € € 02. A function 3 € C°(Q) is called a barrier 
at € with respect to 22 if 
(i) B>0 in 2\ {§}; BE) =9, 


(ti) B is superharmonic in QQ. 
(b) € € 02 is called regular if there exists a barrier B at € with respect to Q. 


Remark: The regularity is a local property of the boundary 022: Let 3 be a 
local barrier at € € OQ; ie., there exists an open neighborhood U(&) such 
that @ is a barrier at € with respect to UN 2. If then B(€,p) CC U and 
m := infy\ Be,p) 2, then 


i m for x € 2\ B(E,p), 
min(m, B(x)) for 2 € QN B(E,p), 


is a barrier at € with respect to 2. 


Lemma 3.2.2: Suppose u(x) := supyeg, v(x) in Q. If € is a regular point 
of OQ, and ~ is continuous at €, we have 


lim u(x) = y(€). (3.2.9) 


ré 


Proof: Let M := supgg |y|. Since € is regular, there exists a barrier 3, and 
the continuity of y at € implies that for every ¢ > 0 there exists 6 > 0 anda 
constant c = c(e) such that 


lp(a) — p(E)| <e for ja — €| < 4, (3.2.10) 
cB(@) >2M for ja—€| > 6 (3.2.11) 


(the latter holds, since inf),_¢)>5 G(x) =: m > 0 by definition of 3). The 
functions 


o(f) +e + cB(a), 
of) —€— ¢B(a), 


then are super- and subfamilies, respectively, with respect to y, by (3.2.10), 
(3.2.11). By definition of u thus 


o(f) —€ — cB(a) < u(z), 


and since superfunctions dominate subfunctions, we also have 


u(x) < p(§) +e + cB(2). 


Hence, altogether, 


ju(x) — y()| S e+ ¢A(z). (3.2.12) 


Since lim,_,¢ G(x) = 0, it follows that limz_,¢ u(x) = y(E). 
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Theorem 3.2.2: Let 2 C R® be bounded. The Dirichlet problem 
Au=0 ind, 
u=p ond, 


is solvable for all continuous boundary values y if and only if all points € € 02 
are regular. 


Proof: If y is continuous and 02 is regular, then u := supye s, U Solves the 
Dirichlet problem by Theorem 3.2.2. Conversely, if the Dirichlet problem is 
solvable for all continuous boundary values, we consider € € 02 and (x) := 
|2 — €|. The solution u of the Dirichlet problem for that y € C°(02) then is a 
barrier at € with respect to 2, since u(€) = y(€) = 0 and since mingg v(x) = 
0, by the strong maximum principle u(x) > 0, so that € is regular. 


3.3 The Alternating Method of H.A. Schwarz 


The idea of the alternating method consists in deducing the solvability of the 
Dirichlet problem on a union $2; U 922 from the solvability of the Dirichlet 
problems on (2; and 29. Of course, only the case 2, M Q2 4 @ is of interest 
here. 

In order to exhibit the idea, we first assume that we are able to solve the 
Dirichlet problem on (2; and {22 for arbitrary piecewise continuous boundary 
data without worrying whether or how the boundary values are assumed at 
their points of discontinuity. We shall need the following notation (see Figure 
3.2): 


qT, V1 = OMNN2, 
Yo = 0922N 1, 

Ly, :=02%1\ 1, 

D2 = 022 \ 42, 

Tr Q*:= WAND. 


Figure 3.2. 


Then 02 = I, UTI, and since we wish to consider sets (21,22 that are 
overlapping, we assume 022* = 7, U72U (11 NL). Thus, let boundary values 
y by given on 02 = I, UL. We put 


Pi = PIL; (i= 1,2), 
f 

aa = inf m 

M := sup y. 


OQ 
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We exclude the trivial case y = const. Let u, : 2; — R be harmonic with 
boundary values 
wmlrn=P1, wily, = M. (3.3.1) 
Next, let ug : 23 + R be harmonic with boundary values 
alr, = 2,  Ualy. = Uilyo- (3.3.2) 
Unless y; = M, by the strong maximum principle, 
u<M inQ,;! (3.3.3) 
hence in particular, 
U2|y, < M, (3.3.4) 
and by the strong maximum principle, also 
ug<M in Qo, (3.3.5) 
and thus in particular, 
Ualy, < Urly,- (3.3.6) 


If y; = M, then by our assumption that y = const is excluded, yo 4 M, and 
(3.3.6) likewise holds by the maximum principle. Since by (3.3.2), wy and ug 
coincide on the partition of the boundary of 2*, by the maximum principle 
again 


ug <u, in 2*, 


Inductively, for n € N, let 


A 


U2n41: 2, =] 


Uan+2 : 22 +R, 
be harmonic with boundary values 


Yantiln =P1, Uantilyn = vanln, (3.3.7) 


Uon+2\P = 2; U2n+2\yo = Uan+1| yo: ( 0. 
From repeated application of the strong maximum principle, we obtain 


' The boundary values here are not continuous as in the maximum principle, but 
they can easily be approximated by continuous ones satisfying the same bounds. 
This easily implies that the maximum principle continues to hold in the present 
situation. 
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Uant+3 < Uan+2 <Uan41 on 2", (3.3.9) 
U2n+3 < U2n41 on 1, (3.3.10) 
Uan+4 < U2n+2 on 929. (3.3.11) 


Thus, our sequences of functions are monotonically decreasing. Since they 
are also bounded from below by m, they converge to some limit 


u: QR. 


The Harnack convergence theorem (1.2.10) ) then implies that u is harmonic 
on §2; and 922, hence also on 2 = 2) U 22. This can also be directly deduced 
from the maximum principle: For simplicity, we extend u, to all of 2 by 
putting 


ok 
U2n+1 *= U2n on {25 \ 2", 
se 
U2n4+2 i= Uang1 on 2, \ 2*. 
Then u2n+1 is obtained from uz, by harmonic replacement on (2;, and anal- 


ogously, Ugn+2 is obtained from wu2,+41 by harmonic replacement on 22. We 
write this symbolically as 


Uant1 = Piven, (3.0.12) 
Uon42 = Pouian41- (3.3.13) 


For example, on 2; we then have 


u= lim ue, = lim Pyuan. (3.3.14) 
n—- oo noo 

By the maximum principle, the uniform convergence of the boundary values 

(in order to get this uniform convergence, we may have to restrict ourselves 

to an arbitrary subdomain 2, CC §2;) implies the uniform convergence of 

the harmonic extensions. Consequently, the harmonic extension of the limit 

of the boundary values equals the limit of the harmonic extensions, i.e., 


Pi lim U2n = lim Pyuan- (3.3.15) 
n—->co n—-+>co 
Equation (3.3.14) thus yields 
u= Pyu, (3.3.16) 


meaning that on {2;, u coincides with the harmonic extension of its boundary 
values, i.e., is harmonic. For the same reason, wu is harmonic on 2. 

We now assume that the boundary values y are continuous, and that all 
boundary points of 2; and 2, are regular. Then first of all it is easy to 
see that u assumes its boundary values y on 02 \ (I, Ny) continuously. To 
verify this, we carry out the same alternating process with harmonic functions 
Von—1 : 2, > R, ven : 22 4 R starting with boundary values 
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vilr, = 1, U1 lay =m (3.3.17) 


in place of (3.3.1). The resulting sequence (vp)nen then is monotonically 
increasing, and the maximum principle implies 


Un <Un in 2 for all n. (3.3.18) 


Since we assume that 092; and 022 are regular and y is continuous, u, and 
Un then are continuous at every x € 02 \ (I, NI2). The monotonicity of the 
sequence (u,,), the fact that u,(x) = vn(x) = v(x) for « € O2Q\ (LI, NTL%) for 
all n, and (3.3.18) then imply that wu = limp. Un at x as well. 

The question whether u is continuous at 012; N0Q» is more difficult, as can 
be expected already from the observation that the chosen boundary values 
for u, typically are discontinuous there even for continuous y. In order to be 
able to treat that issue here in an elementary manner, we add the hypotheses 
that the boundaries of 2, and 922 are of class C! in some neighborhood 
of their intersection, and that they intersect at a nonzero angle. Under this 
hypotheses, we have the following lemma: 


Lemma 3.3.1: There exists some q <1, depending only on $2, and 22, with 
the following property: If w : 2; + R ts harmonic in §2,, and continuous on 
the closure (2,, and if 

w=0 onl), 


|| < 1 on Y1> 
then 
jw] <q ona, (3.3.19) 


and a corresponding result holds if the roles of 2, and (22 are interchanged. 


The proof will be given in Section 3.4 below. 

With the help of this lemma we may now modify the alternating method in 
such a manner that we also get continuity on 09, N O22. For that purpose, 
we choose an arbitrary continuous extension @ of y to 71, and in place of 
(3.3.1), for wu; we require the boundary condition 


wily =Ppi, Mil, =e; (3.3.20) 


and otherwise carry through the same procedure as above. Since the bound- 
aries 092;, O(22 are assumed regular, all wu, then are continuous up to the 
boundary. We put 


Mont = max |ton+1 — Uan—1|, 
2 


Mon+2:= ae |U2n4+2 — Uan|- 
1 
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On 72, we then have 
U2n+2 = U2n41, U2n = U2n—-1; 


hence 


U2n+2 — Un = U2n4+1 — U2n—-1, 


and analogously on 91, 


U2n+3 — U2n4+1 = U2n+2 — U2n- 


Thus applying the lemma with w = {upndg—wanti), we obtain 


Mon+3 < qMan+2 
and analogously 
Moan+2 < qMon41- 


Thus M,, converges to 0 at least as fast as the geometric series with coefficient 
q < 1. This implies the uniform convergence of the series 


Co 


uy + s (Wan+1 — Uan—1) = lim wen41 
1 noo 
n= 


on §2;, and likewise the uniform convergence of the series 


co 
ug + s (Uan42 — Un) = lim wan 
1 noo 
n= 


on 922. The corresponding limits again coincide in 2*, and they are harmonic 
on $2), respectively 22, so that we again obtain a harmonic function u on 12. 
Since all the u,, are continuous up to the boundary and assume the boundary 
values given by y on O2, u then likewise assumes these boundary values 
continuously. 

We have proved the following theorem: 


Theorem 3.3.1: Let 92) and Q2 be bounded domains all of whose boundary 
points are regular for the Dirichlet problem. Suppose that Q)0 Q2 4 and 
that Q, and Q2 are of class C! in some neighborhood of 0Q,NOQ2, and that 
they intersect there at a nonzero angle. Then the Dirichlet problem for the 
Laplace equation on Q := 2; U Q2 is solvable for any continuous boundary 
values. 
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3.4 Boundary Regularity 


Our first task is to present the proof of Lemma 3.8.1: 
In the sequel, with r := | — y| 4 0, we put 


In? for d= 2 
P(r) := —dwaI (r) = r , 3.4.1 
( ) d ( ) fear for d > 3. ( ) 
We then have for all v € R”, 
fo) 1 
—OP(r) =VO-v=—-——(x#-y)-v. (3.4.2) 
Ov rd 


We consider the situation depicted in Figure 3.3. 


Figure 3.3. 


That is, x € M1; yeu, a£#0,7,0M, ON € Ct. Let dy: (y) be an infinites- 
imal boundary portion of 7; (see Figure 3.4). 


dyi(y) cos 3 


Figure 3.4. 
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Let dw be the infinitesimal spatial angle at which the boundary piece dy (y) 
is seen from x. We then have 


dy1(y) cos 8 = |x — y|* |! dw (3.4.3) 
and cos 3 = baal This and (3.4.2) imply 
O 
h(a) := ape ranty) =| dw. (3.4.4) 
YL A 


pa 


The geometric meaning of (3.4.4) is that is 9? (r)dyi(y) describes the spa- 
tial angle at which the boundary piece 7 is seen at x. Since derivatives of 
harmonic functions are harmonic as well, (3.4.4) yields a function h that is 
harmonic on $2; and continuous on 02, \ (I 1 I). In order to make the 
proof of Lemma 3.3.1 geometrically as transparent as possible, from now on, 
we only consider the case d = 2 and point out that the proof in the case 
d > 3 proceeds analogously. 


Cf 
s) 


BN T4 
Figure 3.5. 


Let A and B be the two points where I, and I> intersect (Figure 3.5). Then 
h is not continuous at A and B, because 


lim h(x) = 8, (3.4.5) 
lim A(x) = B+, (3.4.6) 
lim h(x) = a+ 8. (3.4.7) 
Let 

p(a):=n forrey 


and 
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p(z):=0 forwe ly. 
Then hlag, — p is continuous on all of 092,, because 


lim (h(a) — p(a)) = lim h(z) -0= 8, 


ay wely 
lim (h(a) — p(x)) = lim h(a) -w=64+ar—-T7=fP. 
Tey, rey, 


By assumption, there then exists a function u € O?(,)N C°(Q,) with 


Au = 0 in 21, 
u=hlan, —p on OM. 
For 
h(x) — u(x 
ofa) = Med= we) 
we have 


Av=0 for®re Qi, 
v(x) =0 forxel, 
v(x) =1 forren. 


The strong maximum principle thus implies 
v(a) <1 for alla € 2), 


and in particular, 


v(x) <1. for all & € 42. 


. Def, Qa 
lim v(z) = — (un, ie)-0) oak 


rey rE? 


(3.4.8) 


(3.4.9) 


(3.4.10) 


(3.4.11) 


since a < m by assumption. Analogously, limz+z2 v(a) < 1, and hence since 
rey2 


72 is compact, 
u(x) <q<1 forall a €j 
for some gq > 0. We put m := v — w and obtain 


m(z)=0 forrely, 
m(a)>0 forxe. 


(3.4.12) 
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Since m is continuous in 092; \ (1 N I>), and OQ, is regular, it follows that 


lim m(x) = m(ao) for all ap € OQ, \ (11 NT). 


2x9 
By the maximum principle, m(a) > 0 for all « € 21, and since also 
Jim, mx) = Jim, u(x@) — w(A) = Jim) v(x) > 0 (w is continuous), 

we have for all x € 7, 

w(2) <v(a) <q<1. (3.4.13) 
The analogous considerations for M := v+_w yield the inequality 

—w(x) < v(@) <q <1; (3.4.14) 
hence, altogether, 


ljw(x)|<q<1 forall x € 4p. 


(a)B(s, x) We now wish to present a sufficient condition for 
the regularity of a boundary point y € O22: 


Definition 3.4.1: 2 satisfies an exterior sphere 
condition at y € O22 if there exists ro € R” with 
B(p, 20) 1.2 = ty}. 


Examples: (a) All convex regions and all re- 
gions of class C? satisfy an exterior sphere 
condition at every boundary point. (See Fig- 
ure 3.6(a).) 

(b) At inward cusps, the exterior sphere condi- 


Rivure 3.6. tion does not hold. (See Figure 3.6(b).) 


Lemma 3.4.1: If 2 satisfies an exterior sphere 
condition at y, then OQ is regular at y. 


Proof: 


ln |w—2o 


— Se for d> 3, 
for d= 2, 
yields a barrier at y. Namely, 3(y) = 0, and ( is harmonic in R” \ {2}, hence 


in particular in Q. Since for « € 2 \ {y}, |x — xo| > @, also G(a) > 0 for all 
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We now wish to present Lebesgue’s example of a nonregular boundary point, 
constructing a domain with a sufficiently pointed inward cusp. 
Let R* = {(z, y, z)}, 2 € [0,1], p? = y? + 27, 


dxo = v(x, p) — 2alnp 


u(x, y, z y= fi cee 


with 


u(z, p) = (1 — 2)? + p? — ofa? + 
+aln|(1-2+ (l= 2)? +p?) (w+ a +p?) |. 
We have 
lim v(a#,p) =1. 


(w,p)—+0 
£>0 


The limiting value of —2a1n p, however, crucially depends on the sequence 
(x, p) converging to 0. For example, if p = |2|", we have 


—2¢ ln p = —2nx In |x| 0. 
On the other hand, if p= ene, k,x > 0, we have 


lim (—2¢lnp)=k>0. 
(x,p)—+0 


Y, 


Nile 


Figure 3.7. Figure 3.8. 


The surface p = e732 has an “infinitely pointed” cusp at 0. (See Figure 
3.7.) 
Considering u as a potential, this means that the equipotential surfaces of u 
for the value 1+ come together at 0, in such a manner that f’(0) = 0 if the 
equipotential surface is given by p = f(x). With 2 as an equipotential surface 
for 1+ k, then u soli a Guero Dirichlet problem, and by reflection at 
the ball (a —$)4y42 =f one obtains a region 2’ as in Figure 3.8). 

Depending on the manner, in which one approaches the cusp, one obtains 
different limiting values, and this shows that the solution of the potential 
problem cannot be continuous at (a, y,z) = (-5, 0, 0), and hence 02’ is not 
regular at (—3,0,0). 
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Summary 


The maximum principle is the decisive tool for showing the convergence of 
various approximation schemes for harmonic functions. The difference meth- 
ods replace the Laplace equation, a differential equation, by difference equa- 
tions on a discrete grid, i.e., by finite-dimensional linear systems. The max- 
imum principle implies uniqueness, and since we have a finite-dimensional 
system, then it also implies the existence of a solution, as well as the control 
of the solution by its boundary values. 

The Perron method constructs a harmonic function with given boundary 
values as the supremum of all subharmonic functions with those boundary 
values. Whether this solution is continuous at the boundary depends on the 
geometry of the boundary, however. 

The alternating method of H.A. Schwarz obtains a solution on the union 
of two overlapping domains by alternately solving the Dirichlet problem on 
each of the two domains with boundary values in the overlapping part coming 
from the solution of the previous step on the other domain. 


Exercises 


3.1 Employing the notation of Section 3.1, let ro € Qy C R? have neighbors 
21,...,24. Let #5,...,2g be those points in R? that are neighbors of 
exactly two of the points 71,...,24. We put 


OD, = {zo € Qp i L1,..-,0R € §2;,) 


For u: Q, > R, to € 2, we put 


: 1 
Apnu(xo) = 6h2 4 


Q 
iM+ 
i 
= 
8 
Q 
+ 
ee 
8 
mex} 
SS 
| 
bo 
S&S 
Se 
— 
8 
Oo 


Discuss the solvability of the Dirichlet problem for the corresponding 
Laplace and Poisson equations. 

3.2 Let x € 92, have neighbors x1,..., 22g. We consider a difference operator 
Lu for u: 2, +R, 


2d 
Lu(x9) = >. bauU(La), 
a=0 
satisfying the following assumptions: 
2d 2d 
by eG fora = 1.2204, So bg SO, > bg <0. 
a=1 a=0 
Prove the weak maximum principle: Lu > 0 in 2, implies 


maxu < max u. 
Qn Pr 
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3.3 Under the assumptions of Section 3.2, assume in addition 
ba > 0 fora=1,...,2d, 


and let 2, be discretely connected. Show that if a solution of Du > 0 
assume its maximum at a point of (2;,, it has to be constant. 

3.4 Carry out the details of the alternating method for the union of three 
domains. 

3.5 Let u be harmonic on the domain 2, 79 € 2, B(ap, R) CQ,0<r<p< 
R, p? = rR. Then 


/ u(ao + rv)u(ao + RYV)dd = u? (xo + pv)dd. 
|9|=1 |9|=1 


Conclude that if u is constant in some neighborhood of xo, it is constant 
on all of 2. 


4. Existence Techniques IT: Parabolic 
Methods. The Heat Equation 


4.1 The Heat Equation: Definition and 
Maximum Principles 


Let 2 € R@ be open, (0,T) C RU {oo}, 


Qp = 2x (0,T), 
O* Op = (2 x {0}) U (a2 x 7) _ (See Figure 4.1.) 


We call 0* Qr the reduced boundary of Qr. 

For each fixed t € (0,T) let u(x,t) € C?(Q), and for each fixed x € 2 let 
u(x,t) € C'((0,T)). Moreover, let f € C°(O*Qr), u € C°(Qr). We say that 
u solves the heat equation with boundary values f if 


uz(a,t) = A,u(a,t) for (a, t) € Qr, 
u(x,t) = f(2,t) for (a,t) € O*Qr. (4.1.1) 


Written out with a less compressed notation, the differential equation is 
d 
a eu 
=1 
Equation (4.1.1) is a linear, parabolic partial 
differential equation of second order. The rea- 
son that here, in contrast to the Dirichlet prob- 
lem for harmonic functions, we are prescribing 
boundary values only at the reduced boundary 
is that for a solution of a parabolic equation, 
the values of wu on 92 x {T} are already deter- 
mined by its values on O0* 27, as we shall see 
in the sequel. 
The heat equation describes the evolution 
of temperature in heat-conducting media and is likewise important in many 


other diffusion processes. For example, if we have a body in R® with given 
temperature distribution at time to and if we keep the temperature on its 


Figure 4.1. 


80 4. Existence Techniques II: Parabolic Methods. The Heat Equation 


surface constant, this determines its temperature distribution uniquely at all 
times t > to. This is a heuristic reason for prescribing the boundary values 
in (4.1.1) only at the reduced boundary. 

Replacing t by —t in (4.1.1) does not transform the heat equation into it- 
self. Thus, there is a distinction between “past” and “future”. This is likewise 
heuristically plausible. 

In order to gain some understanding of the heat equation, let us try to 
find solutions with separated variables, i.e., of the form 


u(x,t) = v(a)w(t). (4.1.2) 
Inserting this ansatz into (4.1.1), we obtain 


w(t) - Av (a) 
w(t) v(x) © 


(4.1.3) 


Since the left-hand side of (4.1.3) is a function of t only, while the right-hand 
side is a function of x, each of them has to be constant. Thus 


Av(x) = —Av(a), 
w(t) = —Aw(t), 


for some constant A. We consider the case where we assume homogeneous 
boundary conditions on 02 x [0, 00), ie., 


u(z,t)=0 for x € 0M, 
or equivalently, 


v(x) =0 for x € ON. (4.1.6) 


From (4.1.4) we then get through multiplication by v and integration by parts 


| |Du(x)|?dx = -| u(x) Av(a)dx = | u(x)? da. 
Q Q Q 
Consequently, 

A>0 


(and this is the reason for introducing the minus sign in (4.1.4) and (4.1.5)). 

A solution v of (4.1.4), (4.1.6) that is not identically 0 is called an eigen- 
function of the Laplace operator, and 4 an eigenvalue. We shall see in Sec- 
tion 9.5 that the eigenvalues constitute a discrete sequence (An)nen, An + CO 
for n — oo. Thus, a nontrivial solution of (4.1.4), (4.1.6) exists precisely if 
A = Xn, for some n € N. The solution of (4.1.5) then is simply given by 


w(t) = w(0)e*. 
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So, if we denote an eigenfunction for the eigenvalue A, by vn, we obtain the 


solution 


u(x,t) = vn (x)w(0)en® 


of the heat equation (4.1.1), with the homogeneous boundary condition 


u(a,t)=0 for«€d 
and the initial condition 


u(a,0) = vp(x)w(0). 


This seems to be a rather special solution. Nevertheless, in a certain sense this 
is the prototype of a solution. Namely, because (4.1.1) is a linear equation, any 
linear combination of solutions is a solution itself, and so we may take sums 
of such solutions for different eigenvalues X,,. In fact, as we shall demonstrate 
in Section 9.5, any L?-function on Q, and thus in particular any continuous 
function f on 2, assuming 2 to be bounded, that vanishes on O02, can be 


expanded as 


f(z) = > QnUn(Z), 


where the v,(x) are the eigenfunctions of A, normalized via 


| Un(x)*dz = 1 
2 
and mutually orthogonal: 
| Un(L)Um(a)dx =0 forn#Am. 
Q 
Then a, can be computed as 
Qn =| Un (x) f(a) da. 
Q 
We then have an expansion for the solution of 


uz(a,t) = Au(a,t) forxe 2,t>0, 
0 for x € 02,t > 0, 


u(a, t) 


u(x, 0) = f(x) (= S- Gyen la), for x € Q, 


namely, 


(4.1.7) 


(4.1.8) 
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u(a,t) = ane >" un (x). (4.1.9) 


Since all the ,, are nonnegative, we see from this representation that all the 
“modes” QnUn(x) of the initial values f are decaying in time for a solution 
of the heat equation. In this sense, the heat equation regularizes or smoothes 
out its initial values. In particular, since thus all factors e~*”* are less than 
or equal to 1 for t > 0, the series (4.1.9) converges in L?(92), because (4.1.7) 
does. 

If instead of the heat equation we considered the backward heat equation 


Ut = —Au, 


then the analogous expansion would be u(z,t) = >>, ane*"*vn (x), and so the 
modes would grow, and differences would be exponentially enlarged, and in 
fact, in general, the series will no longer converge for positive t. This expresses 
the distinction between “past” and “future” built into the heat equation and 
alluded to above. 

If we write 


q(x, y, t) = Da e >t, (x)Un(y), (4.1.10) 
neN 


and if we can use the results of Section 9.5 to show the convergence of this 
series, we may represent the solution u(a,t) of (4.1.8) as 


u(e,t) =o e'un(a) f only) F(addy by (41.9) 
nen : (4.1.11) 


= | a(x, y, t) f(y)dy. 
Q 


Instead of demonstrating the convergence of the series (4.1.10) and that 
u(x,t) given by (4.1.9) is smooth for t > 0 and permits differentiation under 
the sum, in this chapter we shall pursue a different strategy to construct the 
“heat kernel” q(x, y,t) in Section 4.3. 

For z,y € R”, t,to € R, t # to, we define the heat kernel at (y, to) as 


A(x, y,t, to) = ae 
We then have 
jz yl? 
Ai(a,y,t, to) = 36-4) 3 y,t,to) + Ai — 2 et to), 
A(t to) = sees Al ttt) 
(2? — y?)? 
Axg,a;(£, Y,t, to) = Mig Het to) + Dip — pA: y,t, to), 
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2 
ra 
A, A(a,y,t, to) = Ment to) + 


= A, (2, y, t, to). 


d 
— A t 
(to — t) (x, y,t, 0) 


The heat kernel thus is a solution of (4.1.1). The heat kernel A is similarly 
important for the heat equation as the fundamental solution I is for the 
Laplace equation. 

We first wish to derive a representation formula for solutions of the (ho- 
mogeneous and inhomogeneous) heat equation that will permit us to compute 
the values of u at time T from the values of u and its normal derivative on 
O* Dr. For that purpose, we shall first assume that u solves the equation 


u(x,t) = Au(a,t)+ yp(a,t) in Qr 


for some bounded integrable function y(z,t) and that Q Cc R@ is bounded 
and such that the divergence theorem holds. Let v satisfy vu, = —Av on Qr. 
Then 


| uy dx dt = v(uz — Au) da dt 
Qr Qr 


= ([se-tmcarar) wf (| vauar) dt 


T 
= v(x, T)u(x,T) — v(x, 0)u(a, 0) -| neputeat da 
Q 0 


= (| Avie) af | € au ux) do dt 

0 Q aQ av Ov 

=i, vude — [ ude [ | (3 i us) do dt. 
Qx{T} 2x {0} 02 "8 


(4.1.12) 


For v(2,t) := A(x,y,T + ¢,t) with T > 0 and y € 92% fixed we then have, 
because of v4, = —Av, 


i) Audz = Ay dx a+ | Au dz 
Qx{T} Qr Qx {0} 


e du OA 


For ¢ > 0, the term on the left-hand side becomes 


(4.1.13) 


tiny A(x, y,T +¢,T)u(x,T)dx = u(y,T). 
e>0 Ja 
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Furthermore, A(z,y,7 + ¢,t) is uniformly continuous in ¢,x,t for « > 0, 
x € 00,and0<t<T or for « € 2,t = 0. Thus (4.1.13) implies, letting 
e—>0, 


unt) =f Aen Tnyle.tdrd+ [ Ale.y.T.0)u(e,0) de 


" [ ([. (Aen t) oul 2 ue, ) AEE) io) dt. (4.1.14) 


This formula, however, does not yet solve the initial boundary value problem, 
since in (4.1.14), in addition to u(x, t) for x € 02, t > 0, and u(x, 0), also the 
normal derivative gu (a, t) for « € 02, t > 0, enters. Thus we should try to 
replace A(x, y, T,t) by a kernel that vanishes on 02 x (0,00). This is the task 
that we shall address in Section 4.3. Here, we shall modify the construction 
in a somewhat different manner. Namely, we do not replace the kernel, but 
change the domain of integration so that the kernel becomes constant on its 
boundary. Thus, for 4 > 0, we let 


wla 


1 |jo-yl? 
M(y,T; ») = ¢ (2,8) € R¢x R,s < T : ————_,e_ 47-5 > yp}. 
(4n(T — s)) 


For any y € 2,T > 0, we may find zo > 0 such that for all uw > po, 
M(y,T;) C 2x [0,T). 
We always have 
(y,T) € M(y,T; H), 


and in fact, M(y,T; 4) 1 {s = T} consists of the single point (y,T). For t 
falling below T, M(y,T; 2) N{s = t} is a ball in R¢@ with center (y,t) whose 
radius first grows but then starts to shrink again if t is decreased further, 
until it becomes 0 at a certain value of t. 

We then perform the above computation on M(y,T; 4) (u > fo) in place 
of Qr, with 


v(a2,t) := A(z, y,T +6,t) — p, 
and as before, we may perform the limit ¢ \, 0. Then 
v(x,t)=0 for (x,t) € OM(y,T; p), 


so that the corresponding boundary term disappears. 
Here, we are interested only in the homogeneous heat equation, and so, 
we put y = 0. We then obtain the representation formula 
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A 
ia) == | tap Baris 
OM (y,T;1) 


OVr 
Iz — yl 
= u | u(a,t)————_do(z, t), (4.1.15) 
OM (y,T;) 2(T _ t) 
since 
OA Iz — yl Iz — yl 
Ov, 24(T—t) Toph on OM(y, Ts) 


In general, the maximum principles for parabolic equations are quali- 
tatively different from those for elliptic equations. Namely, one often gets 
stronger conclusions in the parabolic case. 


Theorem 4.1.1: Let u be as in the assumptions of (4.1.1). Let QC R@ be 
open and bounded and 


Au-—u>0 in Qr. (4.1.16) 
We then have 
supu = sup uw. (4.1.17) 
Or O* Op 


(Uf T < oo, we can take max in place of sup.) 
Proof: Without loss of generality T < oo. 
(i) Suppose first 


Au-u>0 in Qr. (4.1.18) 


For 0 < « < T, by continuity of wu and compactness of Qp_z, there 
exists (%o,to) € Qr—- with 
u(ao,to) = max u. (4.1.19) 
OTe 
If we had (29, to) € Qp_e, then Au(2o, to) < 0, Vu(2o, to) = 0, 
uz(%o,to) = 0 would lead to a contradiction; hence we must have 


(ao, to) € OQr_-. Fort = T—e and x € 2, we would get Au(xo, to) < 0, 
uz(Xo, to) > 0, likewise contradicting (4.1.18). Thus we conclude that 


max u= max u, (4.1.20) 
Qp—- O* QT 


and for « — 0, (4.1.20) yields the claim, since wu is continuous. 
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(ii) If we have more generally Au — uz > 0, we let v := u— et, e > 0. We 
have 


Up = Up —€ < Au-—e=Av—_E< Av, 
and thus by (i), 


max u = max(v + et) < maxv + eT = maxv+eT < maxu+eT, 
Qr Qr Qr O* Or a Qp 


and ¢« > 0 yields the claim. 


Theorem 4.1.1 directly leads to a uniqueness result: 


Corollary 4.1.1: Let u, v be solutions of (4.1.1) with u =v on O* Qr, where 
2 CR? is bounded. Then u=v on Qr. 


Proof: We apply Theorem 4.1.1 to u—v and v — u. 


This uniqueness holds only for bounded 2, however. If, e.g., 2 = R%, unique- 
ness holds only under additional assumptions on the solution u. 


Theorem 4.1.2: Let 2 = R% and suppose 
Au — um > 0 in Qr, 
u(a,t) < Me! in Qp for M,r> 0, (4.1.21) 
u(a,0) = f(x) £éN=Ré, 
Then 


sup u < sup f. (4.1.22) 
Qr R¢ 


Remark: This maximum principle implies the uniqueness of solutions of the 
differential equation 


Au = ut on Qr = R? x (0,T), 
u(a,0) = f(x) for « € R¢, 
u(a,t) < Me*#" for (a, t) € Or. 
The condition (4.1.21) is a condition for the growth of u at infinity. If this 


condtion does not hold, there are counterexamples for uniqueness. For exam- 
ple, let us choose 


= "t 2n 
u(a,t) = x ie 


n=0 , 
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with 


0 +¢=0, 
u(x,t) :=0 for all (#,t) € R x (0,00). 


1 
‘a t >0, for some k > 1, 


Then u and v are solutions of (4.1.1) with f(a) = 0. For further details we 
refer to the book of F. John [10]. 


Proof of Theorem 4.1.2: Since we can divide the interval (0, 7’) into subinter- 
vals of length 7 < +. it suffices to prove the claim for T < x: because we 
shall then get 


sup u< sup u<:++<sup f(z). 
Re 


R¢x[0,kr] —- R¢x[0,(k—1)r] 
Thus let T < x We may then find ¢ > 0 with 
Pied (4.1.23) 
e< ay Ly 


For fixed y € R@ and 6 > 0, we consider 
(a, t) :=u(a,t) —dA(a,y,t,T +e), O<t<T. (4.1.24) 
It follows that 
vd — Av? = u, — Au <0, (4.1.25) 


since A is a solution of the heat equation. For 2? := B(y, p), we thus obtain 
from Theorem 4.1.1 


5 5 
t)< : 4.1.2 
v'(y,t) S maxv (4.1.26) 
Moreover, 
v°(a,0) < u(x,0) < sup f, (4.1.27) 
Re 
and for |a — y| = p, 
2 
5 Ala|? I ( Pp ) 
v°(x,t) < Me 6 ex 
ee (40(T +e —#))3 : 4(T +e-t) 


2 
< MeMlylte)? _ 5 : (5): 
aiid (@n(T +e)? \A(T +6) 
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Because of (4.1.23), for sufficiently large p, the second term has a larger 
exponent than the first, and so the whole expression can be made arbitrarily 
negative; in particular, we can achieve that it is not larger than supga f. 
Consequently, 
v <supf on d*02°. (4.1.28) 
Re 
Thus, (4.1.26) and (4.1.28) yield 


; 1 
v°(y,t) = u(y, t) — dA(y, y,t, T +) = u(y, t) — 6 
(y,t) = u(y, t) (YY ) = uly, t) Gn(Tacon)i 
< sup f. 
Rd 


The conclusion follows by letting 6 > 0. 


Actually, we can use the representation formula (4.1.12) to obtain a strong 
maximum principle for the heat equation, in the same manner as the mean 
value formula could be used to obtain Corollary 1.2.3: 


Theorem 4.1.3: Let 2 C R®% be open and bounded and 
Au-—uz,=0 in Qr, 


with the regularity properties specified at the beginning of this section. Then 
if there exists some (ao,to) € 2 x (0,T] with 


u(z9,to) =maxu (or with u(xo,to) = minu), 
OQ Qr 


then u is constant in Q,. 


Proof: The proof is the same as that of Lemma 1.2.1, using the representation 
formula (4.1.12). (Note that by applying (4.1.12) to the function u = 1, we 


obtain 
Iz — y| 
u | ~———do(z, t) = 1, 
OM (y,T3) 2(T —t) 


and so a general u that solves the heat equation is indeed represented as some 
average. Also, M(y,T3 2) C M(y,T; 1) for wi < pe, and as pp — ov, the 
sets M(y,T; 4) shrink to the point (y,T).) 


Of course, the maximum principle also holds for subsolutions, i.e., if 
Au-u>0 in Qr. 


In that case, we get the inequality “<” in place of “=” in (4.1.12), which 
is what is required for the proof of the maximum principle. Likewise, the 
statement with the minimum holds for solutions of 


Au — uz <0. 


Slightly more generally, we even have 
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Corollary 4.1.2: Let QC R®% be open and bounded and 
Au(«,t) + c(#, thu(a,t) — u(x,t) > 0 in Qr, 
with some bounded function 
c(z,t) <0 in Qr. (4.1.29) 
Then if there exists some (2, to) € 2 x (0,T] with 


u(ao, to) = maxu > 0, (4.1.30) 
Qr 


then u is constant in 2, . 


Proof: Our scheme of proof still applies because, since c is nonpositive, at 
a nonnegative maximum point (29,to) of u, c(ao,to)u(xo,to) < 0 which 
strengthens the inequality used in the proof. 


Again, we obtain a minimum principle when we reverse all signs. 

For use in §5.1 below, we now derive a parabolic version of E.Hopf’s boundary 
point lemma 2.1.2. Compared with §2.1, we shall reverse here the scheme of 
proof, that is, deduce the boundary point lemma from the strong maximum 
principle instead of the other way around. This is possible because here we 
consider less general differential operators than the ones in §2.1 so that we 
could deduce our maximum principle from the representation formula. Of 
course, one can also deduce general Hopf type maximum principles in the 
parabolic case, in a manner analogous to §2.1, but we do not pursue that 
here as it will not yield conceptually or technically new insights. 


Lemma 4.1.1: Suppose the function c is bounded and satisfies c(a,t) <0 in 
Qr. Let wu solve the differential inequality 


Au(a,t) + c(a,t)u(a,t) — u(x,t) >0 in Qr, 


and let (%o,to) € O* Qr. Moreover, assume 


(i) u is continuous at (xo, to); 
(ii) u(ao,to) = 0 if c(x) £0; 
(iti) u(xo, to) > u(x,t) for all (x,t) € Qr; 
(iv) there exists a ball B((y,ti), R) C Qr with (xo, to) € OB((y, t1), R). 


We then have, with r := |(a,t) — (y,t1)I, 


6) 
* (ao, to) > 0, (4.1.31) 
Or 
provided that this derivative (in the direction of the exterior normal of Qr) 
exists. 


90 4. Existence Techniques II: Parabolic Methods. The Heat Equation 
Proof: With the auxiliary function 
v(x) =e Va eP +G-ty) _ eo R? 


the proof proceeds as the one of Lemma 2.1.2, employing this time the max- 
imum principle Theorem 4.1.3. Oo 


I do not know of any good recent book that gives a detailed and systematic 
presentation of parabolic differential equations. Some older, but still useful, 
references are [6], [16]. 
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4.2 The Fundamental Solution of the Heat Equation. 
The Heat Equation and the Laplace Equation 
(4.2.1) 


_ |z-yl? 
at 


We first consider the so-called fundamental solution 
Meth =i— 
= z, UY; ’ = 
(Art) 


K(a,y,t) 


2 
ae sae 
4tr 


and we first observe that for all x € R¢, t > 0, 
1 ~ d—-1 1 ~ —s? d—1 
K(a,y, t)dy = ——,dwg e€ dr = —-dwa e ° s° ‘ds 
(Ant) 2 0 72 0 
eT” dy = 1. (4.2.2) 


_ T2 JR 
For bounded and continuous f : R? — R, we consider the convolution 
1 _ ley? 
e ~ f(y)dy. (4.2.3) 
Rd 


a 
2 


u(x,t) = K(a,y,t) f(y)dy = 
(x,t) i (2, yt) f(y)dy (ant) 
Lemma 4.2.1: Let f : R? > R be bounded and continuous. Then 


ulat) =f Kau) fu)du 


is of class C® on R®% x (0,00), and it solves the heat equation 
uz, = Au. (4.2.4) 


Proof: That u is of class C™ follows, by differentiating under the inte- 
gral (which is permitted by standard theorems), from the C® property of 


K(a,y,t). Consequently, we also obtain 
(uly = ff ALK (ew t)fladdy = Aeule, 


O O 
pute t) —_ I, Ah ews 


Lemma 4.2.2: Under the assumptions of Lemma 4.2.1, we have for every 


x €R¢, 
lim ule) = f(a) 
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Proof: 
fee) — wat) =[4e) — f Kean ostarey 

R 


=|f Key) - Fu) with (4.2.2) 


Re 
= aa [ eo = (f(x) — f(x + r€)) do(€) dr 
iS a i a i: ~ (4) = jie 2Vtsé)) do(£) ds 


dwg oe age i 
< sup |f(2)— f(y)| + 2sup [41 ™ | en? olds, 
ye B(x,2VtM) R¢ 72 JM 


Given € > 0, we first choose M so large that the second summand is less 
than ¢/2, and we then choose ty > 0 so small that for all t with 0 < t < tg, 
the first summand is less than ¢/2 as well. This implies the continuity. 


By (4.2.3), we have thus found a solution of the initial value problem 


u(x,t) — Au(z,t)=0 forx eR’, t>0, 


for the heat equation. By Theorem 4.1.2 this is the only solution that grows 
at most exponentially. 

According to the physical interpretation, u(x,t) is supposed to describe 
the evolution in time of the temperature for initial values f(x). We should 
note, however, that in contrast to physically more realistic theories, we here 
obtain an infinite propagation speed as for any positive time t > 0, the 
temperature u(x,t) at the point x is influenced by the initial values at all 
arbitrarily far away points y, although the strength decays exponentially with 
the distance |x — y]. 

In the case where f has compact support K, i.e., f(x) = 0 for « ¢ K, the 
function from (4.2.3) satisfies 


1 


u(x, t)| < (ant) 


_ dist(«,K)? 
ea ae | LF(y) | dy, (4.2.5) 
2 K 


which goes to 0 as t > ov. 
Remark: (4.2.5) yields an explicit exponential rate of convergence! 


More generally, one is interested in the initial boundary value problem for 
the inhomogeneous heat equation: 
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Let 2 Cc R® be a domain, and let y € C°(2 x [0,00)), f € C°(2), g € 
C°(O2 x (0,00)) be given. We wish to find a solution of 
Ou(x, t) 
Ot 


— Au(x,t) = y(z,t) in 2x (0,00), 


u(a,0) = f(a) in 92, (4.2.6) 
u(a,t) = g(a#,t) forr€ 0, t € (0,00). 
In order for this problem to make sense, one should require a compatibility 


condition between the initial and the boundary values: f € C°(2), g € 
C°(A2 x [0,00)), and 

f(z) =g(#,0) for « € ON. (4.2.7) 
We want to investigate the connection between this problem and the Dirichlet 
problem for the Laplace equation, and for that purpose, we consider the 
case where y = 0 and g(a,t) = g(a) is independent of t. For the following 
consideration whose purpose is to serve as motivation, we assume that u(2, t) 


is differentiable sufficiently many times up to the boundary. (Of course, this 
is an issue that will need a more careful study later on.) We then compute 


d 


a a | . 
(z- A) 5 Hu? = UU, — up Auy — Se y= us a | uz — Au) — Dwar 


w=1 


=-Yo, <0 (4.2.8) 


According to Theorem 4.1.1, 


a) t 
v(t) s= sup | 22 
ZED ot 
then is a nonincreasing function of t. 
We now consider 
1 d 
Blu(t)) = 5 [Swede 


and compute 


9 d 
a BC) = PY meted 


= -| uzAuda, since u;(x,t) = —g(x) =0 for xe dN 
Q 


) 
at? 


=~ f utar <0. (4.2.9) 
2 
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With (4.2.8), we then conclude that 


oO? Os 2 : 5 
a> E(u(.,t =--| wide =— f Audde +2 f y Up id 
at? (u(-,) q ot * e = 


Since u? > 0 in 2, u? = 0 on OM, we have on O2, 


O 


It follows that 
— E(u(-,t)) > 0. (4.2.10) 


Thus F(u(-,¢)) is a monotonically nonincreasing and convex function of t. In 
particular, we obtain 


— E(u(-,t)) <a:= lim £ B(u(-s8) <0. (4.2.11) 


Since E(u(-,t)) > 0 for all t, we must have a = 0, because otherwise for 
sufficiently large T’, 


ee 
E(u(-,T)) = E(u(-,0)) +f ape lul, Hat < E(u(-,0)) +aT <0. 
Thus it follows that 


lim | uzdx =0. (4.2.12) 
too Q 
In order to get pointwise convergence as well, we have to utilize the maximum 
principle once more. We extend u?(a,0) from 2 to all of R@ as a nonnegative, 
continuous function / with compact support and put 


1 |a-yl? 
v(a,t) = e  I(y)dy. 4.2.13 
(a= [age Fada (4.2.18) 
We then have 
vu, — Av = 0, 


and since | > 0, also 
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and thus in particular 
v> ur on O92. 


Thus w := u? — v satisfies 


ow —Aw<0 inf, (4.2.14) 


w<0 on dM, 
w(x2,0)=0 forxeE 2,t=0. 


Theorem 4.1.1 then implies 

w(a,t) <0, 
Le., 

ue (x,t) <v(z,t) for alla € 2,t>0. (4.2.15) 
Since / has compact support, from Lemma 4.2.2 


lim v(z,t)=0 forallae Q, 
too 


and thus also 
Jim u(¢,t)=0 forallee 2. (4.2.16) 
—0o 


We thus conclude that provided that our regularity assumptions are valid 
the time derivative of a solution of our initial boundary value theorem with 
boundary values that are constant in time goes to 0 as t + oo. Thus, if we 
can show that u(x,t) converges for t + oo with respect to x in C?, the limit 
function uo. needs to satisfy 


Atisg = 0, 


i.e., be harmonic. If we can even show convergence up to the boundary, then 
Uoo satisfies the Dirichlet condition 


Uso(a) = g(a) for x € ON. 


From the remark about (4.2.5), we even see that u;(x,t) converges to 0 ex- 
ponentially in t. 
If we know already that the Dirichlet problem 


Also =0 in, 
Uo =g onan, (4.2.17) 
admits a solution, it is easy to show that any solution u(a,t) of the heat 


equation with appropriate boundary values converges to u.. Namely, we 
even have the following result: 
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Theorem 4.2.1: Let Q be a bounded domain in R*, and let g(x,t) be con- 


tinuous on O22 x (0,00), and suppose 

jim, g(a,t) = g(x) uniformly in « € ON. 
Let F(ax,t) be continuous on 2 x (0,00), and suppose 

Jim F(«,t)= F(x) uniformly ina € 2. 
Let u(x,t) be a solution of 


Au(«,t) — 2 


7p lat) = F(z, t) forxE DQ, V<t<o, 


u(a,t)=g(a,t) forxeE 02, 0<t<oa. 
Let v(x) be a solution of 


Av(z) = F(x) forxe 2, 
viz) =g(x) forx€ ON. 
We then have 
jim u(az,t) =v(a) uniformly in x € 2. 
— 00 


Proof: We consider the difference 
Then 


w(a,t) = g(x,t)-— g(a) in 022 x (0,00), 


and the claim follows from the following lemma: 


(4.2.18) 


(4.2.19) 


(4.2.20) 


(4.2.21) 


(4.2.22) 


(4.2.23) 


(4.2.24) 


Lemma 4.2.3: Let Q be a bounded domain in R®, let (x,t) be continuous 


on 92 x (0,00), and suppose 
jim, O(a,t)=0 uniformly in « € 2. 
Let y(x,t) be continuous on 02 x (0,00), and suppose 
jim. y(a,t) =0 uniformly in x € ON. 


Let w(a,t) be a solution of 


(4.2.25) 


(4.2.26) 
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—w(a2,t)=¢(a,t) in 2x (0,00), 
w(a2,t) = 7(a,t) in 02 x (0,00). 
Then 
jim. w(x,t)=0 uniformly ina € 2. 
Proof: We choose R > 0 such that 
2c1< R for allz =(z',..., 2%) € 2, 


and consider 


Then 


With « := infreg er we thus have 
Ak < —k. 
We consider, with constants 7,c9,7 to be determined, and with 


Ko := inf k(x), «1 := sup k(x), 


rE LEQ 
the expression 
k k 6 
m/(a, t) =n (x) n (x) mae aahe Tt) 
Ko Ko 


Furthermore, 


m(2,T)>co forxe 2, 
m(a,t) > for (a,t) € O02 x [T, 00). 


(4.2.27) 


(4.2.28) 


(4.2.29) 


(4.2.30) 


(4.2.31) 


(4.2.32) 


(4.2.33) 


(4.2.34) 
(4.2.35) 


By our assumptions (4.2.25), (4.2.26), for every 7, there exists some T = T(77) 


with 
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\d(xz,t)|< forwreEQ, t>r7, (4.2.36) 


ly(a,t)| <n forx€ OQ, t>r. (4.2.37) 
In (4.2.32) we now put 


T=7(y), c= sup |wle;*)|. 
rE 


Then 


m(«,T)+w(#,7) >0 for « € 2 by (4.2.34), 
m(a,t)tw(#,t)>0 for®€d02,t>7, 
by (4.2.35), (4.2.37), (4.2.27); 


(4 - x) (m(a,t)+w(a,t)) <0 forex Ee 2,t>7, 
by (4.2.33), (4.2.36), (4.2.27). 


It follows from Theorem 4.1.1 (observe that it is irrelevant that our functions 
are defined only on 2 x [7,0o) instead of 2 x [0,00), and initial values are 
given on 2 x {r}) that 


|w(x,t)| << m(a,t) forme, t>r7, 


K1 Ky Ky. —# (t— 
<n( | 2) +e em), 
K Ko Ko 


and this becomes smaller than any given « > 0 if 7 > 0 from (4.2.36), (4.2.37) 
is sufficiently small and t > (7) is sufficiently large. 


4.3 The Initial Boundary Value Problem 
for the Heat Equation 


In this section, we wish to study the initial boundary value problem for the 
inhomogeneous heat equation 
uz(a,t) — Au(a,t) = y(a,t) for #€ 2,t>0, 
u(x,t) = g(a,t) for 2 €0,t>0, (4.3.1) 
u(z,0)= f(z) forrEeQ, 


with given (continuous and smooth) functions y,g, f. We shall need some 
preparations. 


Lemma 4.3.1: Let Q be a bounded domain of class C? in R¢. Then for every 
a< g +1, T > 0 there exists a constant c = c(a,T,d,Q2) such that for all 
r0,t €O2,0<t<T, letting v denote the exterior normal of 02, we have 


OK - 
Fp. (208) Sa" aay: 
x 
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1 0 je—2o|? 1 Z—X9)+V_ _\e-20l? 
a ( 0) vo a 


= —777€ 
(Ant)? Ove (Ant)? 2t 


As we are assuming that the boundary of Q is a manifold of class C?, and 
since 2,29 € OF2, and vz is normal to 02, we have 


\(w — 40) + V2| < c1 |x — xo|” 


with a constant c, depending on the geometry of 02. Thus 


|a—zol? 
4t 


K(a, 20, 0] < cat 27) |x — vol e~ (4.3.2) 


| OV, 
with some constant cg. With a parameter ( > 0, we now consider the function 


W(s) := se-* for s>0. (4.3.3) 


Inserting s = or B= 441 -<a, we obtain from (4.3.3) 


2 
|z—xg | 
t 


a ese agl Oe, (4.3.4) 


with cz depending on (, i.e., on d and a. Inserting (4.3.4) into (4.3.2) yields 
the assertion. 


Lemma 4.3.2: Let Q C R®% be a bounded domain of class C? with exterior 
normal v, and let y € C°(O2 x [0,T]) (T > 0). We put 


v(a, t) = = - a y, T)y(y,t — T)do(y)dr. (4.3.5) 


We then have 


vEC°(2 x [0,T]), 
v(z,0) =0 forallx EQ, (4.3.6) 


and for all zp € 02,0<t<T, 


t 
lim v(a,t) = Y(@0,#) -{ oF tintin —T)do(y)dr. (4.3.7) 
0 Jan Wy 


LX 2 
Proof: First of all, Lemma 4.3.1, with a = 3 implies that the integral in 
(4.3.5) indeed exists. The C™-regularity of v with respect to x then follows 
from the corresponding regularity of the kernel K by the change of variables 
o =t—T. Equation (4.3.6) is obvious as well. It remains to verify the jump 
relation (4.3.7). For that purpose, it obviously suffices to investigate 


100 4. Existence Techniques II: Parabolic Methods. The Heat Equation 


“ OK 
[Pf Beeurntut-ndotyidr (438) 
0 OQNB(ao,6) PYy 


for arbitrarily small 7) > 0, 6 > 0. In particular, we may assume that 69 and 
7 are chosen such that for any given € > 0, we have for y € 022, |y — xo| < 0, 
and 0<T <7, 


ito,2)—9@,t=7)| <e. 


Thus, we shall have an error of magnitude controlled by ¢ if in place of (4.3.8), 
we evaluate the integral 


ae OK 
-[ So (.u7Ir(a0,t}dolydr. (4.3.9) 
0 JAQNB(xo,5) O%y 
Extracting the factor y(a,t) it remains to show that 
0 ik 1 
— lim | i. Os a oad = -+0(6). (4.3.10) 
t©0 JQ JAQNB(ax0,6) Wy 2 


Also, we observe that since y is continuous, it suffices to show that (4.3.10) 
holds uniformly in x9 if « approaches 02 in the direction normal to 0Q. In 
other words, letting v(x) denote the exterior normal vector of 02 at xo, we 
may assume 


X= 2X — py (Xo). 


In that case, u? = |x — aol”, and since 0.2 is of class C?, for y € OQ, 


jz — |” = ly — aol” +n? 4 O(ly ao|” lx — x0l). 


The term O (ly — xo] |x — |) here is a higher-order term that does not 
influence the validity of our subsequent limit processes, and so we shall omit 
it in the sequel for the sake of simplicity. Likewise, for y € 022, 


(2 — y) vy = (@ = 0) + ¥y + (0 ~ y) “My =H +O (lao - yl), 


and the term O(|xo — y|”) may be neglected again. 
Thus we approximate 
OK Ll (@—y)+Yy _le=vi? 
——(2,y,T) = e 
OVy ( - ) (4n7)2 2T 
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This means that we need to estimate the expression 


my iL Ing—yl? pw? 
| 5 - mee ox e 4 do(y)dr. 
0 JaNnB(ao,6) 2(4m)2 7271 


We introduce polar coordinates with center zo and put o = |x — y|. We then 
obtain, again up to a higher-order error term, 


1 mp > i an ae 
pve a val me® f ea rt dr dr, 
T)2 JQ T2 


where S¢~? is the unit sphere in R41! 


d-2) pt . 
= pVol(S ) | ak ee i ee 2 hy dr 
0 0 


3 
Ar T2 
1 
602 
Vol(S¢? oT Ae Bo 2 
= = ) ae e* st~7ds do. 
Qn? fe: o2 0 


In this integral we may let yw tend to 0 and obtain as limit 


d—2) poo oo 1 

Vol(S ) 1 e? a? @-2 as do = —. 4.3.11 
d 
2 0 0 2 


bY 
27 a2 


By our preceding considerations, this implies (4.3.10). 
Equation (4.3.11) is shown with the help of the gamma function 


(a2) = 7 et? "dt for a> 0. 
0 
We have 
I(a+1)=al(a) for alla >0, 
and because of I'(1) = 1, then 


I(n+1l)=n! forneNn. 


Moreover, 


| stefas= 57 (7S) for alln EN. 
: 2 2 


In particular, 
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and 


— ' el de = vast) f oP rt ldp = 2Vol(S¢-Y)P (5) 
R¢ 0 2 


hence 


ih 

| 1\ 1,¥/d-1\_ 1 
P -=- ==. 

D (5) 208 (5) 2 ( 2 ) a 


In an analogous manner, one proves the following lemma: 


Lemma 4.3.3: Under the assumptions of Lemma 4.8.2, for 


t 
w(t) = ff K(e,y.r)au.t= 7) doly) ar 
0 Jan 
(xE2,0<t<T), we have 


we C™(2 x [0,T)), 
w(z,0)=0 forrEe 22. 


(4.3.12) 


(4.3.13) 


The function w extends continuously to Q x {0,T], and for xp € OQ we have 


: (Zo, t) 
lim V,w(s, t) - =< 
pa w(x ) v(20) +f an We 


We now want to try first to find a solution of 


fs) : 
Au—-zu=0 in 2 x (0,00), 
u(a,0) = 0 for 2 € Q, 


u(x,t) =g(z,t) forr€ 0, t>0, 


by Lemma 4.3.2. 
We try 


== ff eut—onu.n dotwar 
y 


Ce ee ee 


(4.3.14) 


(4.3.15) 


(4.3.16) 
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with a function y(a,t) yet to be determined. As a consequence of (4.3.7), 
(4.3.15), 7 has to satisfy, for x9 € 02, 


1 * On 
aleort) = 5rao.t)— ff SF (oo.mt—r)alun7) dou) ar 
y 


Le., 


‘ OK 
vl00,t) = 2g¢e0st) +2 ff SE (eo.y.t—nalys7) doly) dr. (43.17) 
an CVy 


This is a fixed-point equation for y, and one may attempt to solve it by 
iteration; i.e., for rq € OL, 


(Xo, t) = 29(o, t), 
y OK 

vn(to,t) = 2g(a0,4) +2 | | OF (ott — tyYe-als 7) do)ar 
0 Jaa OVy 


for n € N. Recursively, we obtain 


ryn(tto,t) = 2g(co, n+2f [us (0,y,t—7)g(y,7) do(y)dr (4.3.18) 
with 


OK 
S1(x0, y, t) — 2p, Bowie), 


OK 
Sy41(Xo, Y; t) = 2 | SL(Xo, Zz, t— Thee Y; T) do(z) dr. 
0 Jan Ovy 


In order to show that this iteration indeed yields a solution, we have to 
verify that the series 


S(xo, y, t) = osu (x0, y, t) 


converges. 
Choosing once more a = 3 in Lemma 4.3.1, we obtain 


|Su(x0,9,t)| < ct 8/4 far — yf PF 
Iteratively, we get 
[Sn(zo.¥,t)| < ent 244 |xo —y[ Pt? 


We now choose n = max(4,2(d—1)) so that both exponents are positive. If 
now 
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[Sm(o,y,t)| < Bmt* for some constant 3, and some a > 0, 


then 


t 
|Sm+1(%o,y,t)| S 08m | (Gp a)*r "de 
0 
where the constant c comes from Lemma 4.3.1 and 


Bo := sup | jz —y|-@-D+2 do(z). 
aa 


yeoN 


Furthermore, 


t i 
| (t— 7)%r-3/4ar = rl _ (a) jotta 
0 Pj +a) 


where on the right-hand side we have the gamma function introduced above. 
Thus 


(a+ i+w/) (4) 
T(a+1+p/4) 


[Sn+v(@0,954)| < Bn(cBo)"t°*”/4 Ne 


Since the gamma function grows factorially as a function of its arguments, 
this implies that 


> Si (Xo, Y; t) 
v=1 


converges absolutely and uniformly on 02 x OQ x [0,T] for every T > 0. We 
thus have the following result: 


Theorem 4.3.1: The initial boundary value problem for the heat equation 
on a bounded domain Q Cc R®@ of class C?, namely, 


Au(«,t) — & (0) =0 in QQ x (0,00), 
u(x,0) =0 in Q, 
u(x,t) = g(a,t) forxedQ, t>0, 


with given continuous g, admits a unique solution. That solution can be rep- 
resented as 


u(a, t) --f S(x,y, t — T)g(y, 7) do(y) dr (4.3.19) 
OQ 


OK OK 
S(x,y, t) = 2 x,y,t +2 f (a, 2,6 - SL(z, y, T) do(z) dr. 
(tut) = 257 (my Oe sa. > (z) 


(4.3.20) 
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Proof: Since the series }>>-_, S, converges, 


v00,t) = 2alao.) +2 ff) S°S.(eo.mt—7)glus7) doty) dr 


is a solution of (4.3.17). Inserting this into (4.3.16), we obtain (4.3.20). Here, 
one should note that 


al ee a: SAltoc¥sT)s 


M]s 


v=1 


and hence also (x, y,t) converges absolutely and uniformly on 02 x 02 x 
(0, 7] for every T > 0. Thus, we may differentiate term by term under the 
integral and show that u solves the heat equation. The boundary values are 
assumed by construction, and it is clear that u vanishes at t = 0. Uniqueness 
follows from Theorem 4.1.1. 


Definition 4.3.1: Let QC R@ be a domain. A function q(x,y,t) that is 
defined for x,y € 2, t > 0, ts called the heat kernel of 2 if 


(i) Z 
(4. — =) q(x, y,t) = 0 for L,Y S 2, t > 0, (4.3.21) 


(ii) 
q(a,y,t)=0 forx edn, (4.3.22) 


(itt) and for all continuous f :2—>4R 


lim A g(x,y, t) f(x)da = f(y) forally€ 2. (4.3.23) 


Corollary 4.3.1: Any bounded domain 2 C R® of class C? has a heat ker- 
nel, and this heat kernel is of class C! on 22 with respect to the spatial vari- 
ables y. The heat kernel is positive in 2, for allt > 0. 


Proof: For each y € 92, by Theorem 4.3.1 we solve the boundary value prob- 
lem for the heat equation with initial values 0 and 


g(a, t) = —K(a,y,t). 


The solution is called p(x, y,t), and we put 
q(x, y,t) = K(x, y,t) + u(z,y,t). (4.3.24) 


Obviously, g(x, y,t) satisfies (i) und (ii), and since 


lim u(x, y,t) = 0, 
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and K(x, y,t) satisfies (iii), then so does q(a, y,t). 

Lemma 4.3.3 implies that q can be extended to 2 as a continuously dif- 
ferentiable function of the spatial variables. 

That q(x,y,t) > 0 for all x,y € 2,t > 0 follows from the strong maximum 
principle (Theorem 4.1.3). Namely, 


q(a,y,t)=0 forx€ dN, 
q(z,y,t)=0 forz,y,€Q,cF#y, 


while (iii) implies 
q(z,y,t) >0 if |2—y| and t> 0 are sufficiently small. 
Thus, g > 0 and q £0, and so by Theorem 4.1.3, 


q>0 inQxQ~x (0,0). 


Lemma 4.3.4 (Duhamel principle): For all functions u,v on Q x [0,T 
with the appropriate regularity conditions, we have 


T 
| i. {o(2, t) (Au(x, T — t) + u(x, T — t)) 
0 


—u(x,T — t) (Av(z,t) — u(2, ) baat 


-[ i. {re (y, T — t)o(y,t) — 2° (y, u(y, T = of do(y) dt 
. {u(x,0)v(x,T) — u(x, T)v(x,0)} da. (4.3.25) 


Proof: Same as the proof of (4.1.12). 


Corollary 4.3.2: If the heat kernel q(z,w,T) of Q is of class C1 on Q with 
respect to the spatial variables, then it is symmetric with respect to z and w, 
1.€., 


q(z,w,T) =q(w,z,T) forallz,wE 2, T>0. (4.3.26) 


Proof: In (4.3.25), we put u(x,t) = g(a, z,t), u(x,t) = q(x, w,t). The double 
integrals vanish by properties (i) and (ii) of Definition 4.3.1. Property (iii) of 
Definition 4.3.1 then yields v(z,T) = u(w,T), which is the asserted symmetry. 


Theorem 4.3.2: Let Q C R®% be a bounded domain of class C? with heat 
kernel q(a,y,t) according to Corollary 4.8.1, and let 


y € C°(2x [0,00)), gE C(ONx (0,0)), fEeC(). 
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Then the initial boundary value problem 


u(x,t) — Au(a,t) = y(2,t) forx Ee 2,t>0, 
u(x,t) =g(a,t) forex €dQ2,t>O0, 
u(a,0)=f(@) forxe 2, (4.3.27) 


admits a unique solution that is continuous on 2 x (0,00) \ OQ x {0} and is 
represented by the formula 


t 
u(e,t) = ff a(e.ut—r)(u,7)dy dr 
0 JQ 
t Oq 
+f aeutsendy— ff Se eut—rgluridolyar. (43.28) 
2 0 Jag CVy 
Proof: Uniqueness follows from the maximum principle. We split the exis- 


tence problem into two subproblems: 
We solve 


ur(x, t) — Av(a, t) = 0 for x € 2,t>0, 
v(a,t) = g(x,t) for 2 €0,t>0, (4.3.29) 
v(z,0) = f(x) forw@e 2, 


i.e., the homogeneous equation with the prescribed initial and boundary con- 
ditions, and 


wr(a,t) — Aw(a2,t) = y(a,t) forx® Ee 2,t>0, 
w(a,t) =0 for x € 022,t > 0, (4.3.30) 
w(a,0) = 0 for 2 € Q2, 


i.e., the inhomogeneous equation with vanishing initial and boundary values. 
The solution of (4.3.27) is then given by 


U=v+w. 


We first address (4.3.29), and we claim that the solution v can be represented 
as 


v(a,t) = | ale st) F(a)dy - | be pon evant sa(usr)doly)dr 


The facts that v solves the heat equation and the initial condition v(x,0) = 
f(x) follow from the corresponding properties of g. Moreover, q(a,y,t) = 
K(a,y,t)+ u(a, y, t) with p(x, y,t) coming from the proof of Corollary 4.3.1. 
By Theorem 4.3.1, this 4 can be represented as 


p(x, y, t) = L(x, z,t — 7) K(z, y, 7) do(z) dr, (4.3.31) 
02 
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and by Lemma 4.3.3, we have for y € 022, 
Ou S(x,y, t) : OK 
—(2,y,t) = ———— + | (x, z,t — T) ——(z, y, T)do(z) dr. 
OVy 2 0 an OVy 
(4.3.32) 


This means that the second integral on the right-hand side of (4.3.28) is pre- 
cisely of the type (4.3.19), and thus, by the considerations of Theorem 4.3.1, v 
indeed satisfies the boundary condition v(a,t) = g(z,t) for « € 02, because 
the first integral vanishes on the boundary. 

We now turn to (4.3.30). For every 7 > 0, we let z(x,t,7) be the solution 
of 


z(x,t;7) — Az(a,t,7T) 


Be, t; 7) 


for « € 2,t >7, 
for x € 022,t > 7, (4.3.33) 
2(2,7;T) = (2,7) forxe 


0 
0 


This is a special case of (4.3.29), which we already know how to solve, except 
that the initial conditions are not prescribed at t = 0, but at t = 7. This 
case, however, is trivially reduced to the case of initial conditions at t = 0 by 
replacing t by t —7, i.e., considering ¢(#,t;7) = z(a,t-+7;7). Thus, (4.3.33) 
can be solved. 

We then put 


w(a,t) = 2(a,t;7)dr. (4.3.34) 


Then 


t t 
wr(x, t) = | z(a,t;7T)dt + 2(x,t;t) = | Az(a,t;7)dt + y(a,t) 
0 0 
= Aw(x,t) + ole.) 
and 


w(a,t)=0 forr€d0N,t>0, 

w(z,0)=0 forve 2. 
Thus, w is a solution of (4.3.30) as required, and the proof is complete, since 
the representation formula (4.3.28) follows from the one for v and the one for 


w that, by (4.3.34), comes from integrating the one for z. The latter in turn 
solves (4.3.33), and so by what has been proved already, is given by 


ee | ale, y,t— 7) ole, 7) ay. 
‘¢) 


Thus, inserting this into (4.3.34), we obtain 
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w(ax,t) = | | q(x, y,t — T)p(a, 7) dy dr. (4.3.35) 


This completes the proof. 


We briefly interrupt our discussion of the solution of the heat equation and 
record the following simple result on the heat kernel q for subsequent use: 


i q(x, y,t)dy <1 (4.3.36) 
Q 
for all t > 0. To start, we have 

lim : q(x, y,t)dy = 1. (4.3.37) 


This follows from (4.3.23) with f = 1 and the proof of Corollary 4.3.1 which 
enables to replace the integration w.r.t. x in (4.3.23) by the one w.r.t. y in 
(4.3.37). Next, we observe that 

Oq 


—(x,y,t) <0 (4.3.38) 
Oy 


because q is nonnegative in 2 and vanishes on the boundary O02 (see (4.3.22) 
and Corollary 4.3.1). We then note that the solution of Theorem 4.3.2 for 


p=1, g(a,t)=t, f(x) =0 is given by u(x,t) =t. In the representation 
formula (4.3.28), using (4.3.38), this yields 


t 
0 2 


from which (4.3.36) is derived upon a little reflection. 


We now resume the discussion of the solution established in Theorem 4.3.2. 
We did not claim continuity of our solution at the corner 02 x {0}, and 
in general, we cannot expect continuity there unless we assume a matching 
condition between the initial and the boundary values. We do have, however, 


Theorem 4.3.3: The solution of Theorem 4.3.2 is continuous on all of Q x 
(0,00) when we have the compatibility condition 


g(z,0) = f(x) forx€ aN. (4.3.40) 


Proof: While the continuity at the corner 02 x {0} could also be established 
from a refinement of our previous considerations, we provide here some inde- 
pendent and simpler reasoning. By the general superposition argument that 
we have already employed a few times (in particular in the proof of Theorem 
4.3.2), it suffices to establish continuity for a solution of 
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0 forxE€ 2,t>0, 
u(x,t) =g(a,t) for €02,t>0, 
v(x, 0) =0 force 22, (4.3.41) 


with a continuous g satisfying 
g(z,0) =0 for # € ON, (4.3.42) 


and for a solution of 


wi(a, t) — Aw(a,t) = 0 forr€ 2,t>0, 
w(a,t) =0 for ¢ € 02, t>0, 
w(x,0)=f(#) forre 2, (4.3.43) 
with a continuous f satisfying 
f(z) =0 for2z Edn. (4.3.44) 


(We leave it to the reader to check the case of a solution of the inhomogeneous 
equation u;(x,t) — Au(x,t) = y(ax,t) with vanishing initial and boundary 
values.) 

To deal with the first case, we consider, for tT > 0, 


o4(ax, t) — Ad(a,t) =0 for rE 2,t>0, 
d(x, t) =0 for 7 € 02,0<t<r7, 
0(z,t)=g(a,t—7T) forr€ 02, t>T, 
0(x,0) =0 force 2. (4.3.45) 


Since, by (4.3.42), the boundary values are continuous at t = 7, by the 
boundary continuity result of Theorem 4.3.2, 0(a, 7) is continuous for « € 022. 
Also, by uniqueness, (x,t) = 0 for 0 < t < 7, because both the boundary and 
initial values vanish there. Therefore, again by uniqueness, u(a,t) = 0(a,t+7) 
and we conclude the continuity of v(#,0) for « € 02. 

We can now turn to the second case. We consider some bounded C? domain 
Q with QC Q. We put ft (x) := max(f(x),0) for x € Q and f(x) =0 for 
x € 2\Q. Then, because of (4.3.44), f* is continuous on 2. We then solve 


(x,t) — Aw(a,t) = 0 for € 2,t>0, 
w(x, t) =0 for z € 00, t>0, 
w(a,0)= ft(x) forre 2. (4.3.46) 


By the continuity result of Theorem 4.3.2, w(x, 0) is continuous for x € 2, and 
therefore in particular for x € 022. Since ft (x) = 0 for « € AO, w(z,t) > 
0 for  € O02 and t > 0. Since the initial values of w are non-negative, 
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to(v,t) > 0 for all x € Q and t > 0 by the maximum principle (Theorem 
4.1.1). In particular, w(z,t) > w(«,t) for « € OM since w(ax,t) = 0 there. 
Since also w(x, 0) = ft(x) > f(x) = w(z,0), the maximum principle implies 
w(x,t) > w(z,t) for all xe € 2,t > 0. Altogether, w(z,0) < 0 for x € AN. 
Doing the same reasoning with f~ (x) := min(f(a),0), we conclude that also 
w(x,0) > 0 for x € OM, that is, altogether, w(z,0) = 0 for x € 02. This 
completes the proof. 


Remark: Theorem 4.3.2 does not claim that u is twice differentiable with re- 
spect to x, and in fact, this need not be true for a y that is merely continuous. 
However, one may still justify the equation 


u(x, t) — Au(a,t) = y(a,t). 


We shall return to the analogous issue in the elliptic case in Sections 10.1 and 
11.1. In Section 11.1, we shall verify that u is twice continuously differentiable 
with respect to x if we assume that y is Holder continuous. 


Here, we shall now concentrate on the case y = 0 and address the regularity 
issue both in the interior of (2 and at its boundary. We recall the representa- 
tion formula (4.1.14) for a solution of the heat equation on 2, 


u(x,t) = | K(e,yt}u(y.0) dy 


t Ouly,T) OK 
7 /. Gar 7) av dv, (x,y,t ru(y.7)) “ dr. | 
4.3.47 


We put K(x,y,s) = 0 for s < 0 and may then integrate the second integral 
from 0 to oo instead of from 0 to t. Then K(z, y, s) is of class C® for x,y € R4, 
s ER, except at x = y,s = 0. We thus have the following theorem: 


Theorem 4.3.4: Any solution u(x,t) of the heat equation in a domain 2 is 
of class C° with respect tox € 2,t>0. 


Proof: Since we do not know whether the normal derivative a exists on 02 
and is continuous there, we cannot apply (4.3.47) directly. Instead, for given 
x € 92, we consider some ball B(x,r) contained in 2. We then apply (4.3.47) 
on B(x,r) in place of 2. Since OB(x,r) in 2 is contained in 2, and u as a 
solution of the heat equation is of class C! there, the normal derivative ge 


on 0B(x,1r) causes no problem, and the assertion is obtained. 


In particular, the heat kernel g(x, y,t) of a bounded C?-domain 2 is of 
class C° with respect to z,y € 2, t > 0. This also follows directly from 
(4.3.24), (4.3.31), (4.3.20), and the regularity properties of Y(#,y,t) estab- 
lished in Theorem 4.3.1. From these solutions it also follows that pa (a, y,t) 
for y € O22 is of class C'°° with respect to x € 2,t > 0. Thus, one can also use 
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the representation formula (4.3.28) for deriving regularity properties. Putting 
q(x,y,8) = 0 for s < 0, we may again extend the second integral in (4.3.28) 
from 0 to oo, and we then obtain by integrating by parts, assuming that the 
boundary values are differentiable with respect to ft, 


(6) 6) 
Frans) = Bide vt) Flu)dy 


= | o av, (x, UY; t T) 57 9 ys T) do(y) dt 


+ lim 29 


im, By, (trv t—T)g(y,T) do(y). (4.3.48) 
© aQ PVy 


Since q(x, y,t) = 0 for x € 02, y € 2, t > 0, also pe (ei9,t =7) = 0 for 
v,y € 00,7 <t and 

a) 

—qr,y,t)=0 forre dQ, yEe RQ, t>0 (4.3.49) 


ot 


(passing to the limit here is again justified by (4.3.31)). Since the second 
integral in (4.3.48) has boundary values = g(x,t), we thus have the following 
result: 


Lemma 4.3.5: Let u be a solution of the heat equation on the bounded C?- 
domain 2 with continuous boundary values g(x, t) that are differentiable with 
respect tot. Then u is also differentiable with respect to t, forx € 02,t>0, 
and we have 


—u(x,t) = & 920) forx € 00, t>0. (4.3.50) 


We are now in position to establish the connection between the heat and 
Laplace equation rigorously that we had arrived at from heuristic considera- 
tions in Section 4.2. 


Theorem 4.3.5: Let 2 C R®% be a bounded domain of class C?, and let 
f € C°(2), g € C°(ON). Let u be the solution of Theorem 4.3.2 of the initial 
boundary value problem 
Au(«,t) — u,(x,t) = 0 forxEe 2, t>0, 
u(a,0) = f(a) forxve Q, (4.3.51) 
u(a,t)=g(a) forxeE OQ, t>0. 


Then u converges for t + co uniformly on Q towards a solution of the Dirich- 
let problem for the Laplace equation 


Au(x) = 0 forx EQ, 
u(t) =g(a) forx€ On. (4.3.52) 
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Proof: We write u(x,t) = u!(z,t) + u?(x,t), where u! and u? both solve the 
heat equation, and u! has the correct initial values, i.e., 


u'(x,0) = f(z) for ze 2, 
while u? has the correct boundary values, i.e., 
u(x,t) = g(x) for € 0, t>0, 
as well as 
u'(#,t)=0 forz€ dN, t>0, 
u*(,0)=0 forre 2. 
By Lemma 4.2.3, we have 


5 1 _ 
jim wu (a, t) =0. 


Thus, the initial values f are irrelevant, and we may assume without loss of 
generality that f =0, i.e, u = u?. 

One easily sees that q(x,y,t) > 0 for a,y € 2, because q(a,y,t) = 0 
for all a € 02, and by (iii) of Definition 4.3.1, q(a,y,t) > 0 for x,y € 2 
and sufficiently small ¢t > 0. Since q solves the heat equation, by the strong 
maximum principle qg then is indeed positive in the interior of 2 for all t > 0 
(see Corollary 4.3.1). 

Therefore, we always have 

Sele y,t) <0. (4.3.53) 
Since q(z,y,t) solves the heat equation with vanishing boundary values, 
Lemma 4.2.3 also implies 


Jim g(a, y,t) = 0 uniformly in Q x Q (4.3.54) 
— 00 


(utilizing the symmetry q(,y,t) = q(y, x,t) from Corollary 4.3.1). We then 
have for tg > ty, 


lu(2, ta) ~ u(x, t3)] = se 


te Oq 
<maclal ff (- Fh te,2.0) dole 


tg 
== max{g| f Avale.y.thayat 
t, JQ 


te 
== maxt|g| f [ aule.y, tay at 
ty Q 


= —max|g | fale, yste) — ae,y, tr) } dy 
Q 


+0 for ti, t2 > c by (4.3.54). 


[ g oq (x 2t)a(2)dol2)a 
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Thus u(a,t) converges for t + oo uniformly towards some limit function u(x) 
that then also satisfies the boundary condition 


u(a) = g(x) for x € ON. 


Theorem 4.3.2 also implies 


u(a) = -[- bs i (a, z,t)g(z)do(z)dt. 


We now consider the derivatives Zul, t) =: v(x, t). Then v(a, t) is a solution 


of the heat equation itself, namely with boundary values v(a,t) = 0 for 
x € O22 by Lemma 4.3.5. By Lemma 4.2.3, v then converges uniformly to 
0 on 2 for t + oo. Therefore, Au(x,t) converges uniformly to 0 in 2 for 
t — oo, too. Thus, we must have 


Au(x) = 0. 


As a consequence of Theorem 4.3.5, we obtain a new proof for the solv- 
ability of the Dirichlet problem for the Laplace equation on bounded domains 
of class C?, i.e., a special case of Theorem 3.2.2 (together with Lemma 3.4.1): 


Corollary 4.3.3: Let Q Cc R®@ be a bounded domain of class C?, and let 
g: 02 —R be continuous. Then the Dirichlet problem 


0 forxEeQ, (4.3.55) 
u(x) =g(x) forx € On, (4.3.56) 


admits a solution that is unique by the maximum principle. 


References for this Section are Chavel [3] and the sources given there. 


4.4 Discrete Methods 


Both for the heuristics and for numerical purposes, it can be useful to dis- 
cretize the heat equation. For that, we shall proceed as in Section 3.1 and 
also keep the notation of that section. In addition to the spatial variables, we 
also need to discretize the time variable t; the corresponding step size will 
be denoted by &. It will turn out to be best to choose & different from the 
spatial grid size h. 

The discretization of the heat equation 


uz(a,t) = Au(z, t) (4.4.1) 


is now straightforward: 
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1 . 
5 (ubh(a,t + k) —u* (a, t)) (4.4.2) 
= Anu’ * (a, t) 
i | . 
=o {uh (2, eae ena poosuee oo) 


= Dy (F vovssQh Gh) tuk (iio icigltt - Deg’) : 
Thus, for discretizing the time derivative, we have selected a forward differ- 


ence quotient. In order to simplify the notation, we shall mostly write u in 
place of u!-*, Choosing 


h? = 2dk, (4.4.3) 


the term u(x,t) drops out, and (4.4.2) becomes 


— (al eae +h,...,£7,t) +u(z",...,0°—h,...,2%,4)). (4.4.4) 


This means that u(#,t+k) is the arithmetic mean of the values of u at the 2d 
spatial neighbors of (#,t). From this observation, one sees that if the process 
stabilizes as time grows, one obtains a solution of the discretized Laplace 
equation asymptotically as in the continuous case. 

It is possible to prove convergence results as in Section 3.1. Here, however, 
we shall not carry this out. We wish to remark, however, that the process 
can become unstable if h? < 2dk. The reader may try to find some examples. 
This means that if one wishes h to be small so as to guarantee accuracy of 
the approximation with respect to the spatial variables, then & has to be 
extremely small to guarantee stability of the scheme. This makes the scheme 
impractical for numerical use. 

The mean value property of (4.4.4) also suggests the following semidiscrete 
approximation of the heat equation: Let 2 C R®% be a bounded domain. For 
€ > 0, we put Q, := {a € 2: dist(x,0Q) > ce}. Let a continuous function 
g: 02 — R be given, with a continuous extension to 2 \ Q., again denoted 
by g. Finally, let initial values f : 2 R be given. We put iteratively 


ti(a,0) = f(x) for 2 € 22, 
a(ax,0) = 0 for z € R?\ Q, 
1 
u(a,nk) = a | a(y,(n—1)k)dy forxe 2,nEN, 
Wd B(a,€) 


and 
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u(a,nk) for « € Qz., 


EN. 
g(x) for x € R4\ 2, 7 


u(a,nk) = 


Thus, in the nth step, the value of the function at x € 2. is obtained as the 
mean of the values of the preceding step of the ball B(a,¢). A solution that is 
time independent then satisfies a mean value property and thus is harmonic 
in 2. according to the remark after Corollary 1.2.5. 


Summary 
In the present chapter we have investigated the heat equation on a domain 


NER, 


a) 
aul #) — Au(z,t)=0 forr@Ee 2,t>0. 


We prescribed initial values 
u(x,0) = f(x) forxze Q, 
and in the case that 2 has a boundary 02, also boundary values 
u(y,t) = g(y,t) for yE 02,t> 0. 
In particular, we studied the Euclidean fundamental solution 


1 _ |e-yl? 


a e 4t 
(4nt)2 


K(z,y,t) = 


and we obtained the solution of the initial value problem on R@ by convolution 


u(x,t) = - K(2,y,t) f(y)dy. 
If 2 is a bounded domain of class C?, we established the existence of the 
heat kernel q(x, y,t), and we solved the initial boundary value problem by 
the formula 
t Oq 
u(e,t) = f aeuo stay ff 54 (e,2t—r)g(27)do(z)ar. 
2 0 JaQ OVz 
In particular, u(a,t) is of class C® for « € 2, t > 0, because of the cor- 
responding regularity properties of the kernel q(x, y,t). The solutions satisfy 
a maximum principle saying that a maximum or minimum can be assumed 
only on 2 x {0} or on O2 x [0,00) unless the solution is constant. Conse- 
quently, solutions are unique. If the boundary values g(y) do not depend on t, 
then u(x,t) converges for t + co towards a solution of the Dirichlet problem 
for the Laplace equation 
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Au(x) = 0 in Q2, 
u(x) = g(a) for 2 € ON. 


This yields a new existence proof for that problem, although requiring 
stronger assumptions for the domain {2 when compared with the existence 
proof of Chapter 3. The present proof, on the other hand, is more construc- 
tive in the sense of giving an explicit prescription for how to reach a harmonic 
state from some given state f. 


Exercises 


4.1 


4.2 


4.3 


4.4 


Let 2 CR? be bounded, Qr := 2 x (0,T). Let 


d 2 d 


3 0 0 
ge ij Pa a i 
L:= y a") (a, t) Antaal + > b’(a, t) Aa 


ij=l 


be elliptic for all (x,t) € Qr, and suppose 
Ut = Lu, 


where u € C°(Qr) is twice continuously differentiable with respect to 
x € 2 and once with respect to ¢ € (0,T). 
Show that 


sup u = sup U. 
QT O* Dy 
Using the heat kernel A(x, y,t,0) = K(x,y,t), derive a representation 
formula for solutions of the heat equation on Qp with a bounded 2 c R¢4 
and T' < oo. 
Show that for K as in Exercise 4.2, 


K(e,0,8+t)= | K(e,y,t)K(y,0,s)dy 
Ra 
(a) if s,t > 0; 
(b) if0<t<-—s. 
Let X be the grid consisting of the points (x,t) with « = nh, t = mk, 
n,m €Z, m > 0, and let v be the solution of the discrete heat equation 


vo(a,t+k)—v(2,t) v(a+h,t) — 2v(a,t) + v(a — h,t) 


he = 


k 
Show that for _ = 1 


m 


v(nh,mk) = 27” 2» ) f((n— m+ 25)h). 
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Conclude from this that 
sup |v| < sup|f]. 
yy R 


4.5 Use the method of Section 4.3 to obtain a solution of the Poisson equation 
on 2 C R¢, a bounded domain of class C?, continuous boundary values 
g: 02 — R, and continuous right-hand side y : 2 > R, ie., of 
Au(x) = g(x) fora €e Q, 
u(t) = g(a) for x € ON. 


(For the regularity issue, we need to refer to Section 11.1.) 


5. Reaction- Diffusion Equations and Systems 


5.1 Reaction-Diffusion Equations 


In this section, we wish to study the initial boundary value problem for 
nonlinear parabolic equations of the form 


u(x,t) — Au(a#,t) = F(a,t,u) for «€ 2,t>0, 
u(x,t) = g(a, t) for x € 02,t > 0, (5.1.1) 
u(x,0) = f(x) for x € 2, 


with given (continuous and smooth) functions g, f and a Lipschitz continuous 
function F’ (in fact, Lipschitz continuity is only needed w.r.t. to u; for x and 
t, continuity suffices). The nonlinearity of this equation comes from the u- 
dependence of F’. While we may consider (5.1.1) as a heat equation with a 
nonlinear term on the right hand side, that is, as a generalization of 


u(x,t) — Au(#,t)=0 for € 2,t>0 (5.1.2) 


(with the same boundary and initial values), in the case where F’ does not 
depend on the spatial variable x, i.e. F = F(t, wu), we may alternatively view 
(5.1.1) as a generalization of the ODE 


u(t) = F(t,u) for t > 0, 


nf) tp, (5.1.3) 


For such equations, we have, for the case of a Lipschitz continuous F, a 
local existence theorem, the Picard-Lindelof theorem. This says that for given 
initial value uo, we may find some tp > O with the property that a unique 
solution exists for 0 < t < tg. When F is bounded, solutions exist for all t, 
as follows from an iterated application of the Picard-Lindelof theorem. When 
F is unbounded, however, solutions may become infinite in finite time; a 
standard example is 


u(t) = u?(t) (5.1.4) 
with positive initial value ug. The solution is 
1 
alt) = (—=1)* (5.1.5) 


uo 
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which for positive uo becomes infinite in finite time, at t = a 


We shall see in this section that this qualitative type of behavior, in particular 
the local (in time) existence result, carries over to the reaction-diffusion equa- 
tion (5.1.1). In fact, the local existence can be shown like the Picard-Lindeléf 
theorem by an application of the Banach fixed point theorem; here, of course, 
we need to utilize also the results for the heat equation (5.1.2) established in 
Section 4.3. We shall thus start by establishing the local existence result: 


Theorem 5.1.1: Let 2 C R® be a bounded domain of class C?, and let 
gE O° (dQ x (0, to]), f € Ong), 
with g(x,0) = f(x) for x € ON, 


and let 7 
F €C°%(2 x [0, to] x R) 


be locally bounded, that is, given 'n > 0 and f € C°(Q), there exists M = 
M(n) with 


|F(a,t,v(x))|< M for x € 2,t € [0, to], u(x) — f(x)| <n, (5.1.6) 


and locally Lipschitz continuous w.r.t. u, that is, there exists a constant L = 
L(n) with 


|F(z,t, u1(x)) — F(a, t, ue(z))| < Llus(x) — ue(z)| (5.1.7) 
for x € 2,t € [0, to], lui — flloo(a); lua — flloocay) <7. 


(Of course, (5.1.6) follows from (5.1.7), but it is convenient to list it sepa- 
rately. ) 
Then there exists some ty < to for which the initial boundary value problem 


uz(a,t) — Au(a2,t) = F(a,t,u) forw@e 2,0<t<ti, 
x,t) = g(a,t) forx€ ON, 0<t<t, 
u(ax,0) = f(x) forx®Ee Q, (5.1.8) 


admits a unique solution that is continuous on Q x (0, ti]. 


Proof: Let q(a,y,t) be the heat kernel of 2 of Corollary 4.3.1. According to 
(4.3.28), a solution then needs to satisfy 


ule) = [ [eet Pe.ruly.7))dyar 
t dq 
+ a g(x,y, t) f(y)dy — | o By, rt —T)g(y,T)do(y)dr. (5.1.9) 


A solution of (5.1.9) then is a fixed point of 
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t 
P:v —T)F dy d 
v +f [ae T)F(y,7, u(y, 7))dy dr 
t Og 
+ | aeunseav— ag DU, 114 t — T)aty, *)do(y) ar (5.1.10) 


which maps C°(2 x [0,to]) to itself. We consider the set 


A:={vEC(Qx[0,t1]): sup |o(a,t)— f(@)| <n}. (5.1.11) 
rE 2,0<t<ty 


Here, we choose t; > 0 so small that 
7) 
tM < 5 (5.1.12) 


and 
ily <1, (5.1.13) 


ForvEeA 
I6(v) («, t) — f(x) 
ae («,y,t — T)F(y, 7, vy, 7) )dyar| 


+| | ale, y,t)f(y)dy - [ & Fale ust alan r)dolu)dr — f(2)| 
<tM + cy,4(t) (5.1.14) 


where we have used (4.3.39) and cy,g(t) controls the difference of the solution 
ug(x,t) at time t of the heat equation with initial values f and boundary 
values g from its initial values, that is, sup,¢ |uo(z,t) — f(x)|. That latter 
quantity can be made arbitrarily small, for example smaller than 4 by choos- 
ing ¢t sufficiently small, by continuity of the solution of the heat equation 
(see Theorem 4.3.3). Together with (5.1.12), we then have, by choosing ¢; 
sufficiently small, 

Dv) (x,t) — f(@)| <n, (5.1.15) 


that is, &(v) € A. Thus, ® maps the set A to itself. 
We shall now show that @ is a contraction on A: for v,w € A, using (4.3.39) 
again, and our Lipschitz condition (5.1.7), 


sup | ®(v)(zx, t) — &(w)(z, t)| 
rER,0<t<ty 


t 
= sup | | | alo, yt —7)(F(y, 7.0.7) — Fy, w(u,7)))dy de | 
2€Q,0<t<t, 2 


<tiL sup _— jv(a,t) — w(2,?)|, (5.1.16) 
LED O<t<t 


122 5. Reaction-Diffusion Equations and Systems 


with t,L < 1 by (5.1.13). Thus, @ is a contraction on A, and the Banach 
fixed point theorem (see Theorem A.1 of the appendix) yields the existence 
of a unique fixed point in A that then is a solution of our problem (5.1.8). 
We still need to exclude that there exists a solution outside A, but this is 
simple as the next lemma shows. 


Lemma 5.1.1: Let u;(2,t), u2(x,t) € C°(@ x [0,T]) be solutions of (5.1.8) 
with u(x,t) = g(x, t) fora € 02,0 <t<T, |ui(z,0)— f(x)| < 2 forze 22, 
i= 1,2. Then there exists a constant K = K(n) with 


sup |uy(x, t) — uo(a,t)| < e** sup |uy(x,0) — ua(a,0)| forO<t<T. 
xEQ rEQ 
(5.1.17) 


Proof: By the representation formula (4.3.28), 


ux (0,t) — ua(2,t) = I a(e, y,t)(u(y, 0) — ua(y,0))dy 


+ ff ate.ut— Fy. 7,my.2)) — Flys aaly, dyer 
a (5.1.18) 
Then, as long as sup,, |u;(a,t) — f(a)| <7, we have the bound from (5.1.7) 
|F'(ax,t, us(a,t)) — F(a, t, ue(ax, t))| < Llu (a, t) — ue(a, t)| (5.1.19) 
Using (4.3.36) and (5.1.19) in (5.1.18), we obtain 


t 
sup |ur1 (ax, t)—ue(a, t)| < sup jua(2,0)—ua(a, 0) +f sup |u1(x, T)—ue(ax, 7) |dr 
ZEN ZEN 0 2EN 

(5.1.20) 


which implies the claim by the following general calculus inequality. 


Lemma 5.1.2: Let the integrable function : {[0,T| > Rt satisfy 


t 
a(t) < (0) +e [ o(ryar (5.1.21) 
0 
for all0 <t<T and some constant c. Then forO<t<T 
o(t) < e*d(0). (5.1.22) 


Proof: From (5.1.21) 


gle f oln ar) < e800), 


hence 
1 _ e7ct 


c 


t 
et [ o(rar < 00), 
0 
from which, with (5.1.21), the desired inequality (5.1.22) follows. 
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We have the following important consequence of Theorem 5.1.1, a global 
existence theorem: 


Corollary 5.1.1: Under the assumptions of Theorem 5.1.1, suppose that the 
solution u(x,t) of (5.1.8) satisfies the a-priori bound 


sup |u(a,7)| < (5.1.23) 
LEDO<T<E 


for all times t for which it exists, with some fixed constant K. Then the 
solution u(x,t) exists for all times 0 <t < oo. 


Proof: Suppose the solution exists for 0 < t < T. Then we apply Theorem 
5.1.1 at time T instead of 0, with initial values u(«,T) in place of the original 
initial values u(a,0) and conclude that the solution continues to exist on some 
interval [0,7 +to) for some to > 0 that only depends on K. We can therefore 
iterate the procedure to obtain a solution for all time. 


In order to understand the qualitative behavior of solutions of reaction- 
diffusion equations 


u(x,t) — Au(#,t) = F(t,u) on Qr, (5.1.24) 
it is useful to compare them with solutions of the pure reaction equation 
u(x,t) = F(t, v), (5.1.25) 
which, when the initial values 
v(x, 0) = v9 (5.1.26) 


do not depend on a, likewise is independent of the spatial variable x. It 
therefore satisfies the homogeneous Neumann boundary condition 


Ov 
—=0, 5.1.27 
Ov ( ) 
where v, as always, is the exterior normal of the domain (2. Therefore, com- 
parison is easiest when we also assume that u satisfies such a Neumann con- 
dition 
Ou 


Hp 70 Cn OD, (5.1.28) 


instead of the Dirichlet condition of (5.1.1). We therefore investigate that 
situation now, even though in Chapter 4 we have not derived existence the- 
orems for parabolic equations with Neumann boundary conditions. For such 
results, we refer to [6]. — We have the following general comparison result: 
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Lemma 5.1.3: Let u,v be of class C? w.r.t. c € Q, of class C1 w.r.t. t € 
(0, 7], and satisfy 


u(x,t) — Au(a,t) — F(a,t,u) > u(x,t) — Av(a,t) — F(a,t,v) forx Ee 2,0<t<T, 


du(x, t) = dv(a, t) forx €002,0<t<T, 


Ov ~~ Ov 
u(a,0) > v(a,0) force 2, 
(5.1.29) 
with our above assumptions on F’. Then 
u(x,t) >v(a#,t) forze 2,0<t<T. (5.1.30) 


Proof: w(x,t) := u(x,t) — v(a,t) satisfies w(2,0) > 0 in 2 and > 0 on 
O02 x [0,T], as well as 


dF (x,t,n) 


w(a,t) — Aw(a, t) — a 


w(a,t) > 0 (5.1.31) 


with 7 := su+(1—s)v for some 0 < s < 1. Lemma 4.1.1 then implies w > 0, 
that is, (5.1.30). 


For example, a solution of 
uw —Au=-vu® forre 2,t>0 (5.1.32) 
with 


Ou(a, t) 
OV 


can be sandwiched between solutions of 


u(#,0) = uo(x) forxr Ee 2, =0 forrE€dQ,t>0 (5.1.33) 
v(t) = —v3(t), v(0) =m, and w;(t) = —w°(t), w(0)=M (5.1.34) 

with m < uo(x) < M, that is, we have 
v(t) < u(z,t)< w(t) forx€ 2,t>0. (5.135 ) 


Since v and w as solutions of (5.1.34) tend to 0 for t — oo, we conclude 
that u(a,t) (assuming that it exists for all t > 0) also tends to 0 for t > oo 
uniformly in « € 92. 


We now come to one of the topics that make reaction-diffusion interesting 
and useful models for pattern formation, namely, travelling waves. 
We consider the reaction-diffusion equation in one-dimensional space 


Ut = Ure + f(u) (5.1.36) 
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and look for solutions of the form 
u(a,t) = v(a — ct) = v(s), with s:= a — ct. (5.1.37) 


This travelling wave solution moves at constant speed c, assumed to be > 0 
w.l.o.g, in the increasing x-direction. In particular, if we move the coordinate 
system with speed c, that is, keep «—ct constant, then the solution also stays 
constant. We do not expect such a solution for every wave speed c, but at 
most for particular values that then need to be determined. 
A travelling wave solution v(s) of (5.1.36) satisfies the ODE 


v"(s) +eu'(s) + f(v) =0, with ‘= om (5.1.38) 


—cs 


When f = 0, then a solution must be of the form v(s) = cp + ce and 
therefore becomes unbounded for s — —oo, that is for t + oo. In other 
words, for the heat equation, there is no non-trivial bounded travelling wave. 
In contrast to this, depending on the precise non-linear structure of f, such 
travelling waves solutions may exist for reaction-diffusion equations. This is 
one of the reasons why such equations are interesting. 


As an example, we consider the Fisher equation in one dimension, 
Ut = Ure + u(1 — wu). (5.1.39) 


This is a model for the growth of populations under limiting constraints: The 
term —u? on the r.h.s. limits the population size. Due to such an interpreta- 
tion, one is primarily interested in non-negative solutions. 
We now apply some standard concepts from dynamical systems! to the un- 
derlying reaction equation 

uz = u(1 — wu). (5.1.40) 


The fixed points of this equation are u = 0 and u = 1. The first one is 
unstable, the second one stable. The travelling wave equation (5.1.38) then 
is 

vo" (s) +. ev'(s) + v(1 — v) =0. (5.1.41) 


With w := v’, this is converted into the first order system 


/ 


v’=w, w =-cw-—v(1l-v). (5.1.42) 


The fixed points then are (0,0) and (1,0). The eigenvalues of the linearization 
at (0,0), that is, of the linear system 


v=p, po =—cu-y, (5.1.43) 


are 


' Readers who are not familiar with this can consult [13]. 
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At = (-¢ + Vc? —4). (5.1.44) 
For c? > 4, they are both real and negative, and so the solution of (5.1.43) 
yields a stable node. For c? < 4, they are conjugate complex with a negative 
real part, and we obtain a stable spiral. Since a stable spiral oscillates about 
0, in that case, we cannot expect a non-negative solution, and so, we do not 
consider this case here. Also, for symmetry reasons, we may restrict ourselves 
to the case c > 0, and since we want to exclude the spiral then to c > 2. 
The eigenvalues of the linearization at (1,0), that is, of the linear system 


v=p, po =—cut+y, (5.1.45) 


are 


At = ee + Vc? +4); (5.1.46) 


2 

they are real and of different signs, and we obtain a saddle. Thus, the stability 
properties are reversed when compared to (5.1.40) which, of course, results 
from the fact that oe = —c is negative. 

For c > 2, one finds a solution with v > 0 from (1,0) to (0,0), that is, with 
v(—oo) = 1, v(co) = 0. vw’ < 0 for this solution. We recall that the value of 
a travelling wave solution is constant when x — ct is constant. Thus, in the 
present case, when time ¢ advances, the values for large negative values of x 
which are close to 1 are propagated to the whole real line, and for t > «~, 
the solution becomes 1 everywhere. In this sense, the behavior of the ODE 
(5.1.40) where a trajectory goes from the unstable fixed point 0 to the stable 
fixed point 1 is translated into a travelling wave that spreads a nucleus taking 
the value 1 for « = —oo to the entire space. 

The question for which initial conditions a solution of (5.1.39) evolves to such 
a travelling wave, and what the value of c then is, has been widely studied in 
the literature since the seminal work of Kolmogorov and his coworkers [15]. 
For example, they showed when u(z,0) = 1 for x < a1, 0 < u(a,0) < 1 for 
Ly <a < x, u(x,0) = 0 for x > x2, then the solution u(x,t) evolves towards 
a travelling wave with speed c = 2. In general, the wave speed c depends on 
the asymptotic behavior of u(x,0) for 2 — +oo. 


5.2 Reaction-Diffusion Systems 


In this section, we extend the considerations of the previous section to systems 
of coupled reaction-diffusion equations. More precisely, we wish to study the 
initial boundary value problems for nonlinear parabolic systems of the form 


uf (x,t) —d,Au“(a,t) = F°(a,t,u) for®e€ 2,t>0,a=1,...,n, (5.2.1) 
for suitable initial and boundary conditions. Here, u = (u!,...,u™) con- 
sists of m components, the dy are non-negative constants, and the functions 
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F°(az,t,u) are assumed to be continuous w.r.t. 7, ¢ and Lipschitz continuous 
w.r.t. u, as in the preceding section. Again, the u-dependence here is the 
important one. 

We note that in (5.2.1), the different components wu are only coupled through 
the non-linear terms F'(x,t,u) while the left hand side of (5.2.1) for each a 
only involves u®, but no other component u? for 6 4 a. Here, we allow some of 
the diffusion constants d, to vanish. The corresponding equation for u®(2, t) 
then becomes an ordinary differential equation with the spatial coordinate x 
assuming the role of a parameter. If we ignore the coupling with other com- 
ponents u? with positive diffusion constants dg, then such a u(x,t) evolves 
independently for each position x. In particular, in the absence of diffusion, 
it is no longer meaningful to impose a Dirichlet boundary condition. When 
dq, is positive, however, diffusion between the different spatial positions takes 
place. — We have already explained in §4.1 why the diffusion constants should 
not be negative. 


We first observe that, when we assume that the dy are positive, the proofs of 
Theorem 5.1.1 and Corollary 5.1.1 extend to the present case when we make 
corresponding assumptions on the initial and boundary values. The reason 
is that the proof of Theorem 5.1.1 only needs norm estimates coming from 
Lipschitz bounds, but no further detailed knowledge on the structure of the 
right hand side. Thus 


Corollary 5.2.1: Let the diffusion constants dg, all be positive. Under the 
assumptions of Theorem 5.1.1 for the right hand side components F'™, and 
with the same type of boundary conditions for the components u%, suppose 
that the solution u(x,t) = (u*(a,t),...,u"(a,t) of (5.2.1) satisfies the a- 
priort bound 

sup |u(a,7)| < (5.2.2) 

rEN,O<T<t 

for all times t for which it exists, with some fixed constant K. Then the 
solution u(x,t) exists for all times 0 <t < oo. 


For the following considerations, it will be simplest to assume homoge- 
neous Neumann boundary conditions 


Ou" (a, t) 
Ov 


We also assume that F' is independent of x and ¢, that is, F = F(w). 

Again, we assume that the solution u(z,t) stays bounded and consequently 
exists for all time. We want to compare u(az,t) with its spatial average w 
defined by 


=0 forr€ 00, t>0, a=1,...,n. (5.2.3) 


eee u(x, t)dx 
u(t) := Tra] i (x, t)d. (5.2.4) 
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where ||{2|| is the Lebesgue measure of 22. 
We also assume that the right hand side F is differentiable w.r.t. u, and 


dF (a,t,u(a,t 
pee) | <2, (5.2.5) 
x,t U 
Finally, let 
d:= amin dy > 0 (5.2.6) 


and A, > 0 be the smallest Neumann eigenvalue of A on 2, according to 
Theorem 9.5.2 below. We then have 


Theorem 5.2.1: Assume that u(x,t) is a bounded solution of (5.2.1) with 
homogeneous Neumann boundary conditions (5.2.3). Assume that 


6:=dr\,;-L>0. (5.2.7) 
Then 


d 
| 2 Ugi (x, t)?dx < cye"* (5.2.8) 
2 4=1 


for a constant c,, and 
i les(az, t) — u(t) (2d < cge-** (5.2.9) 


for a constant co. 


Thus, under the conditions of the theorem, spatial oscillations decay expo- 
nentially, and the solution asymptotically behaves like its spatial average. In 
the next §5.3, we shall investigate situations where this does not happen. 


Proof: We shall leave out the summation over the index a in our notation, 
. : 2 ; _ n OL: gh 

that is, write uy; or U,iU,i in place of }7,_, u%,u%; and so on. 

We put, as in $4.2, 


d 
E(u(-,t)) = 5 [| oadee 


and compute 


a d 
5p (ult) = [| dXeesueede 
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using Corollary 9.5.1 below and (5.2.7). This differential inequality by inte- 
gration readily implies (5.2.8). 
By Corollary 9.5.1 again, we have 


d 
auf lu(ast) ~ atid < f Saat), (5.2.11) 


and so (5.2.8) implies (5.2.9). 


We now consider the case where all the diffusion constants dg are equal. 
After rescaling, we may then assume that all d, = 1 so that we are looking 
at the system 


up (a,t) — Au® (x,t) = F°(a,t,u) for « € 2,t>0. (5.2.12) 


We then have 
Theorem 5.2.2: Assume that u(x,t) is a bounded solution of (5.2.12) with 
homogeneous Neumann boundary conditions (5.2.3). Assume that 


6='-L>0. (5.2.13) 


Then 
sup |u(x, t) — u(t)| < cz3e7* (5.2.14) 
LEQ 


for a constant c3. 
Proof: Again, we shall leave out the summation over the index a in our 


notation, that is, write u? or upu; in place of )7""_, usu? and so on. 
As in §4.2, we compute 


d 


O ) 
(4 = 4) 5 a= = UtUtt — upAut — ye Unit = = Ute (uz = Au) = 2 wa 
d 
< Lu? — So (urit)?. (5.2.15) 


i=l 


Therefore, by Corollary 9.5.1, 


xf = fe ~ Au;) <(b-m) fu? <0 (5.2.16) 
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Ou(a,t) 
ot 


is a nonincreasing function of t. In particular, remains uniformly 


bounded in ¢. Writing our equation for u® as! 


1 

Au" (a, t) = que (2, t)— F°(a,t,wu)), (5.2.17) 
we may then apply Theorem 11.1.2a below to obtain C!? bounds on u(z, t) 
as a function of x that are independent of t, for some 0 < o < 1. Then, first 
using the Sobolev embedding theorem 9.1.1 for some p > d (d here is the 
dimension of the domain 92, not to be confused with the minimum of the 
diffusion constants), and then these pointwise, time-independent bounds on 
u(x,t) and Bult) 
sip Ju(a,t) —U(t)| < Sg lula, t) — a) Pde + fio Oy ger (ula, t) — UD) Pde 

= Ou(2, 
< fo lula, t) — a()|2de + f, 0, [242 Paw. 


From (5.2.8) and (5.2.9), we then obtain (5.2.14). 


A reference for reaction-diffusion equations and systems that we have used 
in this chapter is [21]. 


5.3 The Turing Mechanism 


The Turing mechanism is a reaction-diffusion system that has been proposed 
as a model for biological and chemical pattern formation. We discuss it here in 
order to show how the interaction between reaction and diffusion processes 
can give rise to structures that neither of the two processes is capable of 
creating by itself. The Turing mechanism creates instabilities w. r. t. spatial 
variables for temporally stable states in a system of two coupled reaction- 
diffusion equations with different diffusion constants. This is in contrast to the 
situation considered in the previous §, where we have derived conditions under 
which a solution asymptotically becomes spatially constant (see Theorems 
5.2.1, 5.2.2). — In this section, we shall need to draw upon some results about 
eigenvalues of the Laplace operator that will only be established in §9.5 below 
(see in particular Theorem 9.5.2). 

The system is of the form 


Ut = Au + vf (u, v), (5.3.1) 


vu, = dAv+ yg(u,v). 


where the important parameter is the diffusion constant d that will subse- 
quently be taken > 1. Its relation with the properties of the reaction functions 


' For this step, we no longer need the assumption that the da are all equal, and 
so, we keep them in the next formula. 
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f,g will drive the whole process. The parameter y > 0 is only introduced for 
the subsequent analysis, instead of absorbing it into the functions f and g. 
Here u,v : 2 x R+ — R for some bounded domain Q C R¢ of class C®, and 
we fix the initial values 


u(z,0),v(a,0) forre 2, 
and impose Neumann boundary conditions 


Ou 


ae ON, derail eOUE SO: 
On 


z,t)=0= — 
(x, t) an 

One can also study Dirichlet type boundary condition, for example 
u = Ug,v = Vo on OF? where uo, vo are a fixed point of the reaction sys- 
tem as introduced below. In fact, the easiest analysis results when we assume 
periodic boundary conditions. 


In order to facilitate the mathematical analysis, we have rescaled the in- 
dependent as well as the dependent variables compared to the biological 
or chemical models treated in the literature on pattern formation. We now 
present some such examples, again in our rescaled version. All parameters 
a,b, p, K,k in those examples are assumed to be positive. 


(1) Schnakenberg reaction 


uz, = Aut+y(a-—u4 
vy, = dAv+7(b—u?v). 
(2) Gierer-Meinhardt system 


we 
up = Aut+ (a — bu+ a)? 


vz = dAv + (wu? — 0). 


(3) Thomas system 


= | pee 
Ut = Au v y(a 1 Ay Ku2 ; 
puv 
vu, = dAv+ y(a(b — v) Tie 
A slightly more general version of (2) is 
(2’) 
a2 
a 
Ut uty(a—u ol + hu) 


vw, = dAvt+ y(u? — 0). 
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We turn to the general discussion of the Turing mechanism. We assume 
that we have a fixed point (uo, vo) of the reaction system: 


f (uo, vo) = 0 = g(uo, v0). 


We furthermore assume that this fixed point is linearly stable. This means 
that for a solution w of the linearized problem 


= _ ( fuluo,vo) — fu(uo, vo) 
w= yAw, with A= ( Geen fe ee ) : (5.3.2) 


we have w — 0 for t > 0. Thus, all eigenvalues A of A must have 
Re(A) < 0, 
as solutions are linear combinations of terms behaving like e>*. 


The eigenvalues of A are the solutions of 


? _ fu + Gu) A ai a? (Tuite = fugu) = 0 (5.3.3) 


(all derivatives of f and g are evaluated at (uo, vo)), hence 


Aaa = 59((u + 90) + Su + 9) =A fa = fot) )» (6.3.4) 


We have Re(A1) < 0 and Re(A2) < 0 if 


fu + Qu < 0, fudv = foGu > 0. (5.3.5) 


The linearization of the full reaction-diffusion system about (ug, vg) is 


wt = ( . 0 ) Aw + yAw. (5.3.6) 


We let 0 = Ay < Ay < Ag < ... be the eigenvalues of A on 2 with 
Neumann boundary conditions, and y; be a corresponding orthornormal basis 
of eigenfunctions, as established in Theorem 9.5.2 below, 


Ayr +rARrkye =O in 2, 
OUR _ 
On 


When we impose the Dirichlet boundary conditions u = uo, v = vo on OF in 
place of Neumann conditions, we should then use the Dirichlet eigenfunctions 
established in Theorem 9.5.1. We then look for solutions of (5.3.6) of the form 


0 on OM. 
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with real a, @. 
Inserting this into (5.3.6) yields 


AwE = — ( ; : ) Apwr + yAwp. (5.3.7) 


For a nontrivial solution of (5.3.7), A thus has to be an eigenvalue of 
1 0 
(vA- ( 0 d ) >»). 
The eigenvalue equation is 


d+ AAn(L + d) — (fu + gv)) 
Ax” — y(dfu + Wu) An +? (fude — foGu) = 0. 
We denote the solutions by A(k), 9- 

(5.3.5) then means that 


(5.3.8) 


Re A(0), 9 <0 (recall Ao = 0). 


We now wish to investigate whether we can have 
Re A(k) > 0 (5.3.9) 


for some higher mode Xx. 


Since by (5.3.5), Ax > 0,d > 0, clearly 
Ax (1 ar d) —~ (fu ar Gy) > 0, 
we need for (5.3.9) that 


dg? — ¥(dfu + gu) An +77 (fudv — fugu) < 0. (5.3.10) 


Because of (5.3.5), this can only happen if 


dfu+ gv > 0. 


Computing this with the first equation of (5.3.5), we thus need 


d#1, 
fugu <0. 
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If we assume 
fu > 9, gv <0, (5.3.11) 
then we need 
dS, (5.3.12) 
This is not enough to get (5.3.10) negative. In order to achieve this for 


some value of A,, we first determine that value jz of Ay, for which the lhs of 
(5.3.10) is minimized, i. e. 


=e 
H= 55 (dfu + Gv), (5.3.18) 


and we then need that the lhs of (5.3.10) becomes negative for A, = ps. This 
is equivalent to 


(dfu+ gv)” 


udv ~~ JuJu: 3.14 
aq > Fugu — fog (5.3.14) 


If (5.3.14) holds, then the lhs of (5.3.10) has two values of A; where it 


vanishes, namely 


M4 = a ((dfu + Gu) = Vd + Gv)” —4d( fudy — fv9u) ) ean 
= a ((dfu + gv) = V (du — gv)” + Adfugu ) 7 
and it becomes negative for 
po < AR < poy. (5.3.16) 


We conclude 


Lemma 5.3.1: Suppose (5.8.14) holds. Then (uo,vo) 1s spatially unstable 
w. r. t. the mode Xx, 4. e. there exists a solution of (5.8.7) with 


RerX>0 


if Xx satisfies (5.3.16), where ws are given by (5.8.15). 


(5.3.14) is satisfied for 


2 fugu — Fugu 
f2 
Whether there exists an eigenvalue A, of A satisfying (5.3.16) depends on 
the geometry of 2. In particular, if Q is small, all nonzero eigenvalues are 


d>d,= | A VFodulFodu = Ful) - (5.3.17) 
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large (see Corollaries 9.5.2, 9.5.3 for some results in this direction), and so it 
may happen that for a given (2, all nonzero eigenvalues are larger than p+. 
In that case, no Turing instability can occur. 


We may also view this somewhat differently. Namely, given 2, we have 
the smallest nonzero eigenvalue \;. Recalling that 4 in (5.3.15) depends on 
the parameter y, we may choose y > 0 so small that 


H+ <A1. 


Then, again, (5.3.16) cannot be solved, and no Turing instability can occur. 
In other words, for a Turing instability, we need a certain minimal domain 
size for a given reaction strength, or a certain minimal reaction strength for 
a given domain size. 


If the condition (5.3.16) is satisfied for some eigenvalue A;, it is also of 
geometric significance for which value of k this happens. Namely, by Courant’s 
nodal domain theorem (see the remark at the end of §9.5), the nodal set 
{yx = 0} of the eigenfunction y, divides 2 into at most (kK + 1) regions. On 
any of these regions, y, then has a fixed sign, i. e. is either positive or negative 
on that entire region. Since yz is the unstable mode, this controls the number 
of oscillations of the developing instability. 


We summarize 


Theorem 5.3.1: Suppose that at a solution (uo, vo) of 


f (uo, vo) =0= g(uo, vo), 


we have 
fut Gv < 9, fudv — foGu > 9. 


Then (uo, vo) ts linearly stable for the reaction system 


ue = yf (u,v), 

ve = yg(u, v). 
Suppose that d > 1 satisfies 

dfu t+ gy > 9, 


Gh ayy =a figs = feta) > 0, 


Then (uo,Uo0) as a solution of the reaction-diffusion system 


u,= Au + yf(u,r), 


v= dAv+ yg(u,v) 


is linearly unstable against spatial oscillations with eigenvalue A, whenever 
Ax satisfies (5.3.16). 
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Since we assume that {2 is bounded, the eigenvalues A, of A on 92 are 
discrete, and so it also depends on the geometry of {2 whether such an eigen- 
value in the range determined by (5.3.16) exists. The number & controls the 
frequency of oscillations of the instability about (ug, vg), and thus determines 
the shape of the resulting spatial pattern. 


Thus, in the situation described in Theorem 5.3.1, the equilibrium state 
(uo, Vo) is unstable, and in the vicinity of it, perturbations grow at a rate 
eRe where A solves (5.3.8). 


Typically, one assumes, however, that the dynamics is confined within a 
bounded region in (Rt)?, This means that appropriate assumptions on f and 
g for u=0 or v = 0, or for u and v large ensure that solutions starting in the 
positive quadrant can neither become zero nor unbounded. It is essentially 
a consequence of the maximum principle that if this holds for the reaction 
system, then it also holds for the reaction-diffusion system, see the discussion 
in §5.1 and §sec4a2. 


Thus, even though (uo, vo) is locally unstable, small perturbations grow 
exponentially, this growth has to terminate eventually, and one expects that 
the corresponding solution of the reaction-diffusion system settles at a spa- 
tially inhomogeneous steady state. This is the idea of the Turing mechanism. 
This has not yet been demonstrated in full rigour and generality. So far, the 
existence of spatially heterogeneous solutions has only been shown by sin- 
gular perturbation analysis near the critical parameter d, in (5.3.17). Thus, 
from the global and non-linear perspective adopted in this book, the topic 
has not yet received a complete and satisfactory mathematical treatment. 


We want to apply Theorem 5.3.1 to the example (1) above. In that case 
we have 


Ug =a+ b, 
b (of course, a,b > 0) 
vo = 77 > 
(a+ b) 
and at (wo, vo) then 
b-—a 
Tui = ab , 
fu = (a+), 
2b 
Ju = EB? 
Ju = —(a+ b)’, 


fude — fugu = (a+ b)? > 0. 


Since we need that f,, and g, have opposite signs (in order to get df,+g, > 
0 later on), we require 
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b> a. 
fu + gv <0 then imples 
0<b-—a<(a+b)’, (5.3.18) 
while df, + gy > 0 implies 
d(b—a) > (a+b). (5.3.19) 


Finally, (df a gv) _ Ad( fugu _ Jo0u) >0 requires 
(d(b — a) — (a +)*)” > 4d(a + b)*. (5.3.20) 


The parameters a, b, d satisfying (5.3.18), (5.3.19), (5.3.20) constitute the 
so-called Turing space for the reaction-diffusion system investigated here. 


For many case studies of the Turing mechanism in biological pattern for- 
mation, we recommend [19]. 
Summary 
In this chapter, we have studied reaction-diffusion equations 
u(x,t) — Au(a#,t) = F(z,t,u) for xe 2,t>0 


as well as systems of this structure. They are nonlinear because of the u- 
dependence of F’. Solutions of such equations combine aspects of the linear 
diffusion equation 

u(x,t) — Au(a,t) = 0 


and of the nonlinear reaction equation 
uz(t) = PUt,a), 


but can also exhibit genuinely new phenomena like travelling waves. 
The Turing mechanism arises in systems of the form 


uy, = Au + yf(u,v), 


vu, = dAv+ yg(u,v). 


under appropriate conditions, in particular when an inhibitor v diffuses at a 
faster rate than an enhancer u, that is, when d > 1 and certain conditions 
on the derivatives fu, fv, Ju, gu are satisfied. A Turing instability means that 
for such a system, a spatially homogeneous state becomes unstable. Thus, 
spatially nonconstant patterns will develop. This is obviously a genuinely 
nonlinear phenomenon. 
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Exercises 
5.1 Consider the nonlinear elliptic equation 


Au(a) + cu(x) — u3(2) = 0 in a domain 2 C R’, 


5.3.21 
u(y) = 0 for y € 02. ( ) 


Let A; be the smallest Dirichlet eigenvalue of (2 (cf. Theorem 9.5.1 below). 

Show that for 0 < A1, u = 0 is the only solution (hint: multiply the 

equation by u and integrate by parts and use Corollary 9.5.1 below). 
5.2 Consider the nonlinear elliptic system 


d Au (x) + F°(2,u) =0 for®@e 2, a=1,...,n, (5.3.22) 
with homogeneous Neumann boundary conditions 


Ou" (ax) 
Ov 


=0 for 7 € 02, a=1,...,n. (5.3.23) 


Assume that 
6=A1 min , dy —-L >0 (5.3.24) 
as in Theorem 5.2.1. Show that u = const. 
5.3 Determine the Turing spaces for the Gierer-Meinhardt and Thomas sys- 
tems. 
5.4 Carry out the analysis of the Turing mechanism for periodic boundary 
conditions. 


6. The Wave Equation and its Connections 
with the Laplace and Heat Equations 


6.1 The One-Dimensional Wave Equation 


The wave equation is the PDE 


2 
pp tle t) — Au(z,t)=0 forte QcCR%,tE(0,cc)orteR. (6.1.1) 
As with the heat equation, we consider t as time and & as a spatial variable. 
For illustration, we first consider the case where the spatial variable x is 
one-dimensional. We then write the wave equation as 


Utt(a,t) — Use (@,t) = 0. (6.1.2) 
Let y,w € C?(R). Then 
u(x,t) = yp(a+t)+ Y(a2 —- t) (6.1.3) 


obviously solves (6.1.2). 

This simple fact already leads to the important observation that in con- 
trast to the heat equation, solutions of the wave equation need not be more 
regular for t > 0 than they are at t = 0. In particular, they are not necessarily 
of class C°°. We shall have more to say about that issue, but right now we 
first wish to motivate (6.1.3): 


p(x + t) solves 


(a — t) solves 
e+ Yr = 0, (6.1.5) 
and the wave operator 
o a 
LS 32 dae (6.1.6) 


can be written as 
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b=(5-5) (Rtas): (6.1.7) 


i.e., as the product of the two operators occurring in (6.1.4), (6.1.5). This 
suggests the transformation of variables 


€=e+t, n=e-t. (6.1.8) 
The wave equation (6.1.2) then becomes 
uen(,0) = 0, (6.1.9) 
and for a solution, we has to be independent of 1, i.e., 
ue = (€) (where “’” denotes a derivative as usual), 


and consequently, 


“= / oO) + ¥(n) = 9) + V(n). (6.1.10) 


Thus, (6.1.3) actually is the most general solution of the wave equation 
(6.1.2). 

Since this solution contains two arbitrary functions, we may prescribe two 
data at t = 0, namely, initial values and initial derivatives, again in contrast 
to the heat equation, where only initial values could be prescribed. From the 
initial conditions 


i a a oe (6.1.11) 
we obtain 
(x) + ¥(x) = f(z), 
and thus 
os fe) + 5 | stwity +6, 
f(z) 1 r (6.1.13) 
= al gly)dy — 


with some constant c. Hence we have the following theorem: 
Theorem 6.1.1: The solution of the initial value problem 
Utt(@,t) — Use (x,t) =0 forx ER, t>0, 
u(x,0) = f(z), 
ur (x, 0) = g(x), 
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is given by 


u(x,t) = pla +t) + p(@ — t) 


ett 


£=t 


(For u to be of class C?, we need to require f € C?, g € C!.) 


The representation formula (6.1.14) emphasizes another difference be- 
tween the wave and the heat equations. For the latter, we had found an 
infinite propagation speed, in the sense that changing the initial values in 
some local region affected the solution for arbitrary small t > 0 in its en- 
tire domain of definition. The solution u of the wave equation from formula 
(6.1.14), however, is determined at (x,t) already by the values of f and g in 
the interval [x — t,a + t]. The value u(x,t) thus is not affected by the choice 
of f and g outside that interval. Conversely, the initial values at the point 
(y,0) on the a-axis influence the value of u(x,t) only in the cone 


y—-t<a<ytt. 


Since the rays bounding that region have slope 1, the propagation speed for 
perturbations of the initial values for the wave equation thus is 1. 


In order to compare the wave equation with the Laplace and the heat 
equations, as in Section 4.1, we now consider some open 2 C R?@ and try to 
solve the wave equation on 


Np = 2x (0,T) (T>0) 
by separating variables, i.e., writing the solution u of 


u(x,t) = A,u(x,t) on Qe, 


6.1.15 
u(x,t) = 0 for x € OX, ( ) 
as 
u(x,t) = v(x)w(t) (6.1.16) 
as in (4.1.2). This yields, as in Section 4.1, 
t A 
ae) 2) (6.1.17) 


w(t) v(x) ° 


and since the left-hand side is a function of t, and the right-hand side one of 
x, each of them is constant, and we obtain 


Av(x) = —Av(2), (6.1.18) 
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for some constant A > 0. 

As in Section 4.1, v is thus an eigenfunction of the Laplace operator on 
with Dirichlet boundary conditions, to be studied in more detail in Section 9.5 
below. From (6.1.19), since A > 0, w is then of the form 


w(t) = acosVAt + Bsin VAt. (6.1.20) 


As in Section 4.1, referring to the expansions demonstrated in Section 9.5, 
we let 0 < Ay < Ag < Ag... denote the sequence of Dirichlet eigenvalues of 
A on 92, and v1, v2,... the corresponding orthonormal eigenfunctions, and 
we represent a solution of our wave equation (6.1.15) as 


u(a,t) = > (an cos Vn t + By sin Wnt) Un(2). (6.1.21) 


neN 


In particular, for t = 0, we have 


u(a,0) = > AnUn (2), (6.1.22) 


neN 


and so the coefficients a, are determined by the initial values u(2,0). Like- 
wise, 


ur(@, 0) = S- Bn An Un(2), (6.1.23) 


neN 


and so the coefficients 3,, are determined by the initial derivatives u;(a,0) (the 
convergence of the series in (6.1.23) is addressed in Theorem 9.5.1 below). So, 
in contrast to the heat equation, for the wave equation we may supplement 
the Dirichlet data on 022 by two additional data at t = 0, namely, initial 
values and initial time derivatives. 

From the representation formula (6.1.21), we also see, again in contrast to 
the heat equation, that solutions of the wave equation do not decay exponen- 
tially in time, but rather that the modes oscillate like trigonometric functions. 
In fact, there is a conservation principle here; namely, the so-called energy 


d 
E(t) := 5 fh {ucee? +: 3 vaetr dx (6.1.24) 
is given by 
E(t) =5 fh, (= (-enVAnsin Vn t + BaV An COs Vint) ete) 


d 2 
+ S- bs (on COs al dat + Bn sin Vint) ete) dx 
i=1 n % 


= ; S7 An(a2, + 82), (6.1.25) 
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since 
1 forn=™m, 


n m dx = 
Ie a {) otherwise, 


and 


3 [ pemedgemnte) ye Em 
& Jo Axi "~ "Oxi, "~" | 0 otherwise 


(see Theorem 9.5.1). Equation (6.1.25) implies that E does not depend on t, 
and we conclude that the energy for a solution wu of (6.1.15), represented by 
(6.1.21), is conserved in time. This issue will be taken up from a somewhat 
different perspective in Section 6.3. 


6.2 The Mean Value Method: Solving the Wave 
Equation Through the Darboux Equation 


Let v € C°(R%), « € R¢, r > 0. As in Section 1.2, we consider the spatial 
mean 


1 
S(v,2,r) = dwyr4-! 


| v(y)do(y). (6.2.1) 
OB(a,r) 


For r > 0, we put S(v,x,—-r) := S(v,a2,r), and S(v,2,7r) thus is an even 
function of r € R. Since 2.S(v,z,r)|;=0 = 0, the extended function remains 
sufficiently many times differentiable. 


Theorem 6.2.1 (Darboux equation): For v € C?(R%), 
( 0 d-10 


= 


Or2 r >) S(v, 2,7) _ A,o(0, 2,1); (6.2.2) 


Proof: We have 
1 
Stuer)= gf v(e +18) dole), 
diva S\e|=1 


and hence 


to) iL “av F 
HN = Te fe ae + rE do) 


1 O 
ot | vec Bu") 400) 


where v is the exterior normal of B(«,r) 


1 
= Auta 
dwgr4-1 = we) 


by the Gauss integral theorem. 


(6.2.3) 
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This implies 


F S(v,2,7) | Av(2)dz + — | Av(y) do(y) 
= U,L,T) = az SSS 
Or? os dwyr4 B(a,r) . ‘ dwgré1 OB(az,r) els 
d-10 
=-— — ——___/\,, 
. po Urea) + nae | — v(y) do(y), 
(6.2.4) 

because 


As | uly) do(y) = Ay v(e— 29 +4) doly) 
OB(a,r) OB(xo,r) 


= | A,vu(a — xo + y) do(y) 
OB(xo,r) 


= | Av(y) do(y). 
OB(a,r) 


Equation (6.2.4) is equivalent to (6.2.2). 


Corollary 6.2.1: Let u(a,t) be a solution of the initial value problem for the 
wave equation 


u(a,0) = f(a), (6.2.5) 
ur (x, 0) = g(2) 
We define the spatial mean 
1 
M(u, 2,7, t) := | u(y, t) do(y). 6.2.6 
ae LO) (6.26) 
We then have 
o? a d-1a0 
— x M =|-—> — / : “Ds 
72 (u, x, 7, t) (3 + =) M(u, 2,7, t) (6.2.7) 
Proof: By the first line of (6.2.4), 
o> d-1a 1 
(= a —s) M(u,2,7,t) = ig - A,u(y, t) do(y) 
OB(a,r) 
1 oO? 
caine ap uly t) do(y), 
, OB(a,r) 


since u solves the wave equation, and this in turn equals 
2 


BM Dit) 
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For abbreviation, we put 
w(r,t) = M(u,2,r,t). (6.2.8) 
Thus w solves the differential equation 


d—-1 
Witt = Wrr + —— Wr (6.2.9) 
‘i 


with initial data 


w(r, 0) — OF esr), 


wi(r,0) = S(g, 2,1). ee) 


If the space dimension d equals 3, for a solution wu of (6.2.9), v := rw then 
solves the one-dimensional wave equation 


VUtt = Urr (6.2.11) 


with initial data 


(6.2.12) 


By Theorem 6.1.1, this implies 
1 
rM(u,2,7,t) = g(r +t)Sfa,r +t) + (r—HS(f,2,7 — 1} 


1 r+t 
+ >| pS(g, x, p)dp. (6.2.13) 
r—t 


Since S(f,a,r) and S(g,x,1) are even functions of r, we obtain 


i 5 t(t+ NsfacLd) GAs eth 


1 t+r 
Sates pS(g, x, p)dp. (6.2.14) 


2r Jip 


We want to let r tend to 0 in this formula. By continuity of u, 


M(u,x,0,t) = u(z, ¢), (6.2.15) 
and we obtain 
u(x,t) = tS(g, x,t) + © (t8(f.21)) (6.2.16) 


By our preceding considerations, every solution of class C? of the initial value 
problem (6.2.5) for the wave equation must be represented in this way, and 
we thus obtain the following result: 
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Theorem 6.2.2: The unique solution of the initial value problem for the 
wave equation in 3 space dimensions, 


u(x,t) — Au(z,t)=0 forz eR, t>0, 
u(xz,0) = f(x), (6.2.17) 
ut (2, 0) — g(x), 


for given f € C3(R3), g € C?(R°), can be represented as 


3 
u(v,t) = 5 [ _ (sn + Ha) + falar - “| do(y). (6.2.18) 


Proof: First of all, (6.2.16) yields 


ued= a5 fh, aidol) + 5 (x = ryt) (6.2.19) 


In order to carry out the differentiation in the integral, we need to transform 
the mean value of f back to the unit sphere, i.e., 


l t 
en f(y)do(y) = ios f(a + tz)do(z). 


The Darboux equation implies that u from (6.2.19) solves the wave equation, 
and the correct initial data result from the relations 


S(w, 2,0) = w(a), 2 S(w,2, r)|,—9 = 0 


satisfied by every continuous w. 


An important observation resulting from (6.2.18) is that for space dimen- 
sions 3 (and higher), a solution of the wave equation can be less regular 
than its initial values. Namely, if u(x,0) € C*, u:(x,0) € CP, this implies 
u(x,t) € C*-1, u(x,t) € C*-? for positive t. 

Moreover, as in the case d = 1, we may determine the regions of influence 
of the initial data. It is quite remarkable that the value of u at (x,t) depends 
on the initial data only on the sphere 0B(a,t), but not on the data in the 
interior of the ball B(x, t). This is the so-called Huygens principle. This prin- 
ciple, however, holds only in odd dimensions greater than 1, but not in even 
dimensions. We want to explain this for the case d = 2. Obviously, a solution 
of the wave equation for d = 2 can be considered as a solution for d = 3 that 
happens to be independent of the third spatial coordinate 2°. 

We thus put x? = 0 in (6.2.19) and integrate on the sphere OB(z,t) = 
{y € R®: (yt — 21)? + (y? — x”)? + (y?)? = t?} with surface element 


t 
do(y) = ww: 


6.3 The Energy Inequality and the Relation with the Heat Equation 147 


Since the points (y,y?, y?) and (y!,y?, —y?) yield the same contributions, 
we obtain 


1 
u(x", x”, t) = = | g(y) dy 
27 J B(x,t) [42 — |ja — yl? 
O 1 
+ — = | __fy)__yy : 
Ot Qn B(a,t) [42 _ |zr _ yl 


where x = (z1,27), y = (y',y”), and the ball B(x,t) now is the two- 
dimensional one. 

The values of wu at (#,t) now depend on the values on the whole disk 
B(a,t) and not only on its boundary 0B(z,t). 

A reference for Sections 6.1 and 6.2 is F. John [10]. 


6.3 The Energy Inequality and the Relation with the 
Heat Equation 


Let u be a solution of the wave equation 
un(z,t) — Au(a,t)=0 for2 €R%,t>0. (6.3.1) 


We define the energy norm of wu as follows: 


d 
E(t) := ; I, fle t+ So uzi(2, | dx. (6.3.2) 


i=l 


We have 


d (6.3.3) 
= iz fl — Au) + » (uma dx 


if u(a,t) = 0 for sufficiently large |x| (where that may depend on tf, so that this 
computation may be applied to solutions of (6.3.1) with compactly supported 
initial values). 

In this manner, it is easy to show the following result about the region of 
dependency of a solution of (6.3.1), partially generalizing the corresponding 
results of Section 6.2 to arbitrary dimensions: 
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Theorem 6.3.1: Let u be a solution of (6.3.1) with 


u(a,0) = f(a), ur(x,0) = 0, (6.3.4) 


and let K := supp f (= {xe R¢: f(r) F 0}) be compact. Then 
u(a,t)=0 for dist(x, K) >t. (6.3.5) 


Proof: We show that f(y) = 0 for all y € B(x,T) implies u(#,T) > 0, which 
is equivalent to our assertion. We put 


d 
Al of 2 2 
A(t) := = Us + ) uni» dy 6.3.6 
( ) 2 B(«x,T—-t) ' j= 1. y ( ) 


and obtain as in (6.3.3) (cf. (1.1.1)) 


dE { 1 
—= ULuet + uytyse} dy — 5 f {u? + wah doly 
— ye ee 2 OB(x,T-t) ' us sd ( ) 


dt Jpw,r—t) 


Ou 1 
= — ce _ 2 (u? a ao \ do(y). 


By the Schwarz inequality, the integrand is nonpositive, and we conclude that 
dE 
— <0 fort>0. 
dt 


Since by assumption £(0) = 0 and F is nonnegative, necessarily 


E(t)=0 for allt < T, 


and hence 
u(y,t)=0 for |ja—y| <T—t, 
so that 
u(z,T) =0 
as desired. 


Theorem 6.3.2: As in Theorem 6.3.1, let u be a solution of the wave equa- 
tion with initial values 


u(z,0) = f(a) with compact support 


and 
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Then 


yields a solution of the heat equation 
v,(a,t) — Av(z,t)=0 for2 €R,t>0 
with initial values 
v(x,0) = f(a). 


Proof: That wu solves the heat equation is seen by differentiating under the 
integral 


(since the kernel solves the heat equation) 


2 
~~ ee O 


oo p= 
=| ——— A, u(2, s)ds 
oo V4at 
(since u solves the wave equation) 
= Av(z,t), 


where we omit the detailed justification of interchanging differentiation and 
integration here. Then v(x, 0) = u(x,0) = f(x) follows as in Section 4.1. 


Summary 


In the present chapter we have studied the wave equation 
gptle,t) — Au(a,t) = 0 for x € R°, t>0 


with initial data 
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In contrast to the heat equation, there is no gain of regularity compared 
to the initial data, and in fact, for d > 1, there may even occur a loss of 
regularity. 

As was the case with the Laplace equation, mean value constructions are 
important for the wave equation, and they permit us to reduce the wave 
equation for d > 1 to the Darboux equation for the mean values, which is 
hyperbolic as well but involves only one spatial coordinate. 

The propagation speed for the wave equation is finite, in contrast to the 
heat equation. The effect of perturbations sets in sharply, and in odd dimen- 
sions greater than 1, it also terminates sharply (Huygens principle). 

The energy 


E(t) = I, (|nue(2, 4)? + [Vern #))?) de 


is constant in time. 
By a certain time averaging, a solution of the wave equation yields a 
solution of the heat equation. 


Exercises 
6.1 We consider the wave equation in one space dimension, 
Utt —Ure =O for0O<a<7,t>0, 
with initial data 
co co 
u(x, 0) = by Qy,sinnaz, uz(#,0) = x By sin nx 
n=1 n=1 
and boundary values 
u(0,t) = u(7,t) =0 for allt >0. 
Represent the solution as a Fourier series 
co 
u(a,t) = S- 9n(t) sin na 
n=1 


and compute the coefficients 7,(t). 
6.2 Consider the equation 


Ut + Cuz = 0 


for some function u(a,t), 2,¢t € R, where c is constant. Show that wu is 
constant along any line 


6.3 
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x—ct= const = €, 
and thus the general solution of this equation is given as 
u(x,t) = f(E) = f(x — et) 


where the initial values are u(z,0) = f(a). Does this differential equation 
satisfy the Huygens principle? 

We consider the general quasilinear PDE for a function u(a#,y) of two 
variables, 


AUge + 2bUgy + Cuyy = d, 


where a, b,c, d are allowed to depend on x, y,u, uz, and uy. We consider 
the curve 7(s) = (y(s), w(s)) in the zy-plane, where we wish to prescribe 
the function wu and its first derivatives: 


u= f(s), Ue =9(s), Uy =h(s) for x = 9(s),y = ¥(s). 
Show that for this to be possible, we need the relation 
f'(s) = 9(s)p"(s) + R(s)¥"(s). 
For the values of Uzx,Ury, Uyy along y, compute the equations 


’ ! ' 
Pure + WuUsy = 9’; 


/ / Eh 
P Uy +P Uyy = bh. 


Conclude that the values of ugz,Uzy, and Uy, along y are uniquely de- 
termined by the differential equations and the data f,g,h (satisfying the 
above compatibility conditions), unless 


ap" — 2by'p!' + cy’? =0 


along y. If this latter equation holds, y is called a characteristic curve for 
the solution u of our PDE augy + 2bUgy + Cuyy = d. (Since a, b, c,d may 
depend on u and uz, Uy, in general it depends not only on the equation, 
but also on the solution, which curves are characteristic.) How is this 
existence of characteristic curves related to the classification into elliptic, 
hyperbolic, and parabolic PDEs discussed in the introduction? What are 
the characteristic curves of the wave equation uz; — Uz, = 0? 


7. The Heat Equation, Semigroups, and 
Brownian Motion 


7.1 Semigroups 


We first want to reinterpret some of our results about the heat equation. For 
that purpose, we again consider the heat kernel of R?, which we now denote 


by p(2, y,t), 


P(x, y,t) = e pan 
(ut) = ay (7.1.1) 
For a continuous and bounded function f : R¢ > R, by Lemma 4.2.1 
ula.) =f pen tay (7.1.2) 
then solves the heat equation 
Au(x,t) — uz(a#,t) = 0. (7.1.3) 


For ¢t > 0, and letting C? denote the class of bounded continuous functions, 
we define the operator 


P,: CP (R*) + CP(R*) 


via 
(Pf) (ar) = ule), (7.1.4) 
with u from (7.1.2). By Lemma 4.2.2 
Pof := lim Pf = f. (7.1.5) 


i.e., Po is the identity operator. The crucial point is that we have for any 
th, tg za 0, 


Pray +t, = Fy, oP. (7.1.6) 


Written out, this means that for all f € CP(R®), 
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|x—yl? 


| + __.-1# (y) dy 
R¢ (4m (t1 + t2))? 


1 _ |enz/? | 1 _ lz-ul? 
= e #2 e #1 dydz. (7.1.7 
[. (4nto)# ne (4nty)$ pes ND) 


This follows from the formula 


1 _ _|e=yl? 1 1 _ie-z/2 _ l|e-yl? 
———+e 4(ty+t2) — er e qt2 4ty dz, 
(An (t1 + ta))? (Antz)? (Anti)? Jee 


(7.1.8) 


which can be verified by direct computation (cf. also Exercise 4.3). 

There exists, however, a deeper and more abstract reason for (7.1.6): 
Pi,4t. f(a) is the solution at time t; + to of the heat equation with initial 
values f. At time t,, this solution has the value P,, f(a). On the other hand, 
Pi, (Pi, f)(x) is the solution at time tz of the heat equation with initial values 
P,,f. Since by Theorem 4.1.2, the solution of the heat equation is unique 
within the class of bounded functions, and the heat equation is invariant 
under time translations, it must lead to the same result starting at time 0 
with initial values P;, f and considering the solution at time tg, or starting 
at time t; with value P;, f and considering the solution at time t; + te, since 
the time difference is the same in both cases. This reasoning is also valid 
for the initial value problem because solutions here are unique as well, by 
Corollary 4.1.1. We have the following result: 


Theorem 7.1.1: Let QC R®@ be bounded and of class C?, and let g: 0Q—> 
R be continuous. For any f € C?(Q), we let 


Po,gtf (x) 
be the solution of the initial value problem 
Au — u, = 0 in Q x (0,00), 
u(a,t)=g(x) forx € OQ, (7.1.9) 
u(z,0) = f(x) forre 2. 
We then have 
Post = lim Pogtf =f for all f € C°(9), (7.1.10) 


Pa,g.titt. = Pa,g,t2 ° Poagg.tr- (7.1.11) 


Corollary 7.1.1: Under the assumptions of Theorem 7.1.1, we have for all 
to > 0 and for all f € CP(2), 


Pe,9,tof = ot Pag tf: 
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We wish to cover the phenomenon just exhibited by a general definition: 


Definition 7.1.1: Let B be a Banach space, and for t > 0, let T;: B—> B 
be continuous linear operators with 


(i) To = Id; 
(it) Diets = Tt, fe} Th, for all tas bo > 0; 
(itt) limp. Tyv = Ti, v for all to > 0 and allv € B. 


Then the family {Ti}i>0 is called a continuous semigroup (of operators). 


A different and simpler example of a semigroup is the following: Let B be 
the Banach space of bounded, uniformly continuous functions on [0, co). For 
t > 0, we put 


Ti f(x) := f(a +t). (7.1.12) 


Then all conditions of Definition 7.1.1 are satisfied. Both semigroups (for 
the heat semigroup, this follows from the maximum principle) satisfy the 
following definition: 


Definition 7.1.2: A continuous semigroup {T;}is0 of continuous linear op- 
erators of a Banach space B with norm || - || is called contracting if for all 
v€ Bandallt > 0, 


I|Teoll < lol]. (7.1.13) 


(Here, continuity of the semigroup means continuous dependence of the op- 
erators T; ont.) 


7.2 Infinitesimal Generators of Semigroups 


If the initial values f(a) = u(x,0) of a solution u of the heat equation 
uz(a,t) — Au(a,t) = 0 (7.2.1) 
are of class C?, we expect that 


u(x,t) — u(x, 0) 
nee = uzt(x,0) = Au(x,0) = Af(a), (7.2.2) 


or with the notation 
u(a, t) = P,f (wu) 


of the previous section, 


ee 
ae race —Id)f = Af. (7.2.3) 
We want to discuss this in more abstract terms and verify the following 
definition: 
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Definition 7.2.1: Let {T;}i>0 be a continuous semigroup on a Banach space 
B. We put 


1 
D(A) := {v € B: lim -(T;, — Id)v exists} cB (7.2.4) 
t\0 t 


and call the linear operator 
A: D(A) > B, 
defined as 


4 
Av := _ (tt —Id)u, (7.2.5) 


the infinitesimal generator of the semigroup {T;}. 


Then D(A) is nonempty, since it contains 0. 
Lemma 7.2.1: For all v € D(A) and all t > 0, we have 
T,Av = AT,v. (7.2.6) 
Thus A commutes with all the T;. 
Proof: For v € D(A), we have 


1 
T, Av = Ti lim —(T; = Id)v 
PO T 


= lim —(7;7;, — T;)v (since T; is continuous and linear) 
TNO T 


1 
= na —(T,T; — T;)v (by the semigroup property) 
T ale 


1 
= lim —(T, — Id)Tyv 
TNO T 


= AT,v. 


In particular, if v € D(A), then so is T;v. In that sense, there is no loss of 
regularity of T;v when compared with vu (= Tov). 
In the sequel, we shall employ the notation 


Juv = | Ne *T.vds for \>0 (72:7) 
0 
for a contracting semigroup {7;}. The integral here is a Riemann integral 


for functions with values in some Banach space. The standard definition of 
the Riemann integral as a limit of step functions easily generalizes to the 
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Banach-space-valued case. The convergence of the improper integral follows 
from the estimate 


M 
rAe~* T,uds 
K 


lim 


M 
= tad | dew ** || Tul] ds 
K,M-400 K,M—oo J 


M 

<_ lim) jo reds 
K,M-+00 - 

= 0, 


which holds because of the contraction property and the completeness of B. 
Since 


Co [o<) d 
| re *8ds = | —-— fe") ds = 1, (7.2.8) 
0 0 ds 


Jyv is a weighted mean of the semigroup {T;} applied to v. Since 
[nell fo Ae [ul as 
0 


< lel f reds (7.2.9) 


by the contraction property 
Sle 


by (7.2.8), J, : B > B is a bounded linear operator with norm ||.J|| < 1. 


Lemma 7.2.2: For allv © B, we have 
lim J\v =v. (7.2.10) 
A 00 
Proof: By (7.2.8), 
Jv -—v= | de* (Tv — v)ds. 
0 


For 6 > 0, let 


-|f re~*8(T,v — v)ds =| f de~*8(T,u — v)ds}| . 


Now let ¢ > 0 be given. Since T,v is continuous in s, there exists 6 > 0 such 
that 


40 — vl < 5 for0<s<6 


and thus also 
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pi< —As = 
es | Ae “ds < 5 
by (7.2.8). For each 6 > 0, there also exists Ag € R such that for all A > Ag, 
Bs fo de (Pll + lll) ds 
5 
< 2 |v] | reds (by the contraction property) 
5 


< 


do] om 


This easily implies (7.2.10). 


Theorem 7.2.1: Let {Ti}i:s0 be a contracting semigroup with infinitesimal 
generator A. Then D(A) is dense in B. 


Proof: We shall show that for all \ > 0 and all v € B, 
Jyv € D(A). (7.2.11) 
Since by Lemma 7.2.2, 
{J,u: A>0,v © B} 


is dense in B, this will imply the assertion. We have 


1 iy ac tf? 
=(T, —Id) J,v = = : Ae TT de = — ‘i re Tv ds 
t t Jo t Je 

since JT; is continuous and linear 


1 1° 
a al Nee Tu do — al Ne **T,u ds 
ty t Jo 


ert 


= . —ro 1 ' —Xs 
— Ae “° Tudo — — Ae “°T,u ds 
t t t Jo 


et 1 : tv 
— (a0 -f Daman’ 6 aa) _ al rAe~*° T,u ds. 
t 0 t Jo 


The last term, the integral being continuous in s, for t —+ 0 tends to 
—ATov = —Av, while the first term in the last line tends to AJ,v. This 
implies 


AJ\v = X(Jx —Id)v_ for all vu € B, (7.2.12) 


which in turn implies (7.2.11). 


For a contracting semigroup {T;}:50, we now define operators 
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DT; : D(D:Ti)(C B) +B 
by 


1 
D,T,v = lim St (Tish =— T;) Vv, (7.2.13) 
h>0h 


where D(D;T;) is the subspace of B where this limit exists. 
Lemma 7.2.3: v € D(A) implies v € D(D:T;), and we have 
DiTiv = ATjv =T;,Av fort>0. (7.2.14) 


Proof: The second equation has already established shown in Lemma 7.2.1. 
We thus have for v € D(A), 


> A 
es i (Trin — Ty) v = AT,v = T, Av. (7.2.15) 


Equation (7.2.15) means that the right derivative of T,v with respect to t 
exists for all v € D(A) and is continuous in t. By a well-known calculus 
lemma, this then implies that the left derivative exists as well and coincides 
with the right one, implying differentiability and (7.2.14). (The proof of the 
calculus lemma goes as follows: Let f : [0,co) — B be continuous, and 
suppose that for all t > 0, the right derivative dt f(t) := limp\o ¢(f(t + 
h) — f(t)) exists and is continuous. The continuity of d*f implies that on 
every interval [0,7] this limit relation even holds uniformly in t. In order to 
conclude that f is differentiable with derivative dt f, one argues that 


rim | (Fe — Fm) a* | 
<ton [Fre —4) +) — Fe-m)) — a | 


+ Jim lat f(e—h) - a FO 


=0.) 


Theorem 7.2.2: For \ > 0, the operator (AId—A) : D(A) > B is invertible 
(A being the infinitesimal generator of a contracting semigroup), and we have 


(Ald —A)~+ = R(A, A) = xd (7.2.16) 


(AId —A)~1v = R(A, A)u = | e Tv ds. (RAT) 
0 
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Proof: In order that (AId—A) be invertible, we need to show first that 
(AId —A) is injective. So, we need to exclude that there exists vp € D(A), 
Vo x 0, with 


Avo = Avo. (7.2.18) 
For such a vp, we would have by (7.2.14) 
D,Tvp = T: Avo = dT.v0, (7.2.19) 
and hence 
Tivp = e** v0. (7.2.20) 
Since A > 0, for vg 4 0 this would violate the contraction property 
|Z:voll < llvoll , 


however. Therefore, (AId—A) is invertible for ) > 0. In order to obtain 
(7.2.16), we start with (7.2.12), ie., 


AJyv = (Jy — Id)v, 
and get 

(AId —A) Jyv = dv. (7.2.21) 
Therefore, (A Id—A) maps the image of J) bijectively onto B. Since this 
image is dense in D(A) by (7.2.11), and since (A Id —A) is injective, (AId —A) 


then also has to map D(A) bijectively onto B. Thus, D(A) has to coincide 
with the image of J), and (7.2.21) then implies (7.2.16). 


Lemma 7.2.4 (resolvent equation): Under the assumptions of Theorem 
7.2.2, we have for A, > 0, 


R(A, A) — R(w, A) = (uw — A)R(A, A) R(p, A). (7.2.22) 
Proof: 
R(A, A) = R(A, A) (Id —A) R(p, A) 
= R(A, A)((u — A) Id +(AId —A)) R(p, A) 


= (u— A)R(A, A) R(u, A) + R(u, A). 


We now want to compute the infinitesimal generators of the two examples 
we have considered with the help of the preceding formalism. We begin with 
the translation semigroup: B here is the Banach space of bounded, uniformly 
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continuous functions on [0, oo], and T; f(a) = f(~+t) for f € B, x,t > 0. We 
then have 


(Jy f)(x) = ‘ig re f(a + s)ds = [ de >-*) F(s)ds, (7.2.23) 


and hence 


# (AF)(a) = f(a) + Ma f)(2). (7.2.24) 


dx 
By (7.2.12), the infinitesimal generator satisfies 
AJ) f(x) = Af — f)(2), (7.2.25) 


and consequently 
d 
AJ) f = —Jyf. (7.2.26) 
dx 


At the end of the proof of Theorem 7.2.2, we have seen that the image of J) 
coincides with D(A), and we thus have 


Ag = “4 for all g € D(A). (7.2.27) 


We now intend to show that D(A) contains precisely those g € B for which 
ag belongs to B as well. For such a g, we define f € B by 


£ gl) ~ dol) = -AF(2) (7.2.28) 


By (7.2.24), we then also have 


£ (Jafy(a) — MIS (a) = -AF(2) (7.2.29) 
Thus 
pla) = g(x) — In fla) 
satisfies 
+ o(2) = ete), (7.2.30) 


whence (a) = ce*”, and since y € B, necessarily c = 0, and so g = Jy f. 


We thus have verified that the infinitesimal generator A is given by 
(7.2.27), with the domain of definition D(A) containing precisely those g € B 
for which fg € B as well. 
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We now want to study the heat semigroup according to the same pattern. 
Let B be the Banach space of bounded, uniformly continuous functions on 
R¢, and 


Pie =— fe eae" fy)dy for t > 0. (7.2.31) 


We now have 


J = / [ et 
af Rd (Art) ane’ 


We compute 


Ads (a =f — a Age ™ at at f(y)dy 


a) 1 |e—y/? 
= re — ze | dtf(y)d 
[ [» (ae Fy) 


= —Af (a) + Daf (2). 


= at f(y)dy (7.2.32) 


It follows as before that 
AJ) f = AJyf, (7.2.33) 
and thus 
Ag = Ag for all g € D(A). (7.2.34) 


We now want to show that this time, D(A) contains all those g € B for which 
Ag is contained in B as well. For such a g, we define f € B by 


Ag(x) — Ag(a) = —Af (2) (7.2.35) 
and compare this with 
AJ) f (x) — AJ) f(x) = —Af (2). (7.2.36) 
Thus y := g — J) f is bounded and satisfies 
Ay—Ay=0 for rA>0. (7.2.37) 
The next lemma will imply y = 0, whence g = J) f as desired: 
Lemma 7.2.5: Let \ > 0. There does not exist p £0 with 
Ay(x) = Ay(x) for all z € R¢. (7.2.38) 
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Proof: For a solution of (7.2.38), we compute 


2 . a 0 
Ay’ = 2|Ve|" + 2pAy (with Ve= (gore gaa 


=2/Vyl?+2drAy?__ by (7.2.38). (7.2.39) 


Let 29 € R?. We choose C?-functions nr for R > 1 with 


O<nr(z) <1 forallze R4, (7.2.40) 
nr(z)=0 for |ja—ap| > R+1, (7.2.41) 

NrR(z)=1 for |ja—2zo| < R, (7.2.42) 

IVnr(x)| + |Anr(x)| < co with a constant co that does (7.2.43) 


not depend on x and R. 
We compute 


A (nRy*) = nRAy? + vy? An? + 8nR2eVir: Ve 
> 2nz|Vel’ + 2Anpy” + (Anz) ¢? — 2nz Vel? —8|Vnal? y? 
by (7.2.39) and the Schwarz inequality 


= 2Anry? + (Ant, =: [Val e. (7.2.44) 


Together with (7.2.40)—(7.2.43), this implies 


o=/ A (nzey’) > 2a eae f oe, 
B(ao,R+1) B(ao,R) B(xo,R+1)\B(xo,R) 


(7.2.45) 

where the constant c, does not depend on R. 

By assumption, y is bounded, so 
yp’ < K. (7.2.46) 
Thus (7.2.45) implies 

K 

| yt < 2A pdt (7.2.47) 
B(eo,R) r 


where the constant cz again is independent of R. Equation (7.2.39) implies 
that y is subharmonic. The mean value inequality (cf. Theorem 7.2.2) thus 
implies 


1 Cok 
2(a9) < | ee by (7.2.47)) 30 for Roo. 
yp" (xo) < aa Rt eae An (by ( )) 


(7.2.48) 


Thus, v(29) = 0. Since this holds for all a9 € R¢, y has to vanish identically. 
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Lemma 7.2.6: Let B be a Banach space, L : B > B a continuous linear 
operator with ||L|| <1. Then for every t > 0 and each x € B, the series 


<1 
exp(tL)ax := a th) 
v=0 ~ 


converges and defines a continuous semigroup with infinitesimal generator L. 


Proof: Because of ||L|| < 1, we also have 


|L"|| <1. for alln EN. (7.2.49) 
Thus 
n 1 : n 1 7 . 7 Y 
de Atha] s Do Se iL”ell $ llell SO. (7.2.50) 


By the Cauchy property of the real-valued exponential series, the last ex- 
pression becomes arbitrarily small for sufficiently large m,n, and thus our 
Banach-space-valued exponential series satisfies the Cauchy property as well, 
and therefore it converges, since B is complete. The limit exp(tZ) is bounded, 
because by (7.2.50) 


n 


“(Lys 


v=0 


<e* |[a| 


and thus also 
\jexp(tL)z|| < e* ||z|| . (7.2.51) 
As for the real exponential series, we have 
ee an te ees 
Le L's = y ri »y, SL? | 2, (7.2.52) 
v=0 u=0 =0 


exp((t + s)L) = exptLoexpsL, (7.2.53) 


whence the semigroup property. Furthermore , 


1 ca hv-t _ hy-} 
[exp ti) — 1a) 2 — ta < js < tn 
yv=2 : v=2 : 


Since the last expression tends to 0 as h > 0, A is the infinitesimal generator 
of the semigroup {exp(tL) }i>o.- 
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In the same manner as (7.2.53), one proves (cf. (7.2.52)) the following lemma: 


Lemma 7.2.7: Let L,M:B-— B be continuous linear operators satisfying 
the assumptions of Lemma 7.2.6, and suppose 


ILM=ML. (7.2.54) 
Then 


exp(t(M + L)) = exp(tM) o exp(tL). (7.2.55) 


Theorem 7.2.3 (Hille-Yosida): Let A: D(A) > B be a linear operator 
whose domain of definition D(A) is dense in the Banach space B. Suppose 
that the resolvent R(n, A) = (nId—A)~! exists for alln € N, and that 


=i 
| (10-2a) 
a) 


Then A generates a unique contracting semigroup. 


<1. for alln EN. (7.2.56) 


Proof: As before, we put 
ae ca 
a (14-24) for n € N (cf. Theorem 7.2.2). 
n 


The proof will consist of several steps: 


(1) We claim 


lm J,v=ax forallxe B, (7.2.57) 
n—->oo 

and 
Ina € D(A) for all x € B. (7.2.58) 


Namely, for « € D(A), we first have 
AJy& = Jn Ax = Jn(A—nid)x + nJyx = n( Jn — Id), (7.2.59) 
and since by assumption ||J, Az|| < || Ax||, it follows that 
Int —-XL= * JnAt + 0 forn—> ow. 


As D(A) is dense in B and the operators J, are equicontinuous by our 
assumptions, (7.2.57) follows. (7.2.59) then also implies (7.2.58). 
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(2) By Lemma 7.2.6, the semigroup 
{exp(sJn)}s>0 
exists, because of (7.2.56). Putting s = tn, we obtain the semigroup 
{exp(tnIn) }i>0 
and likewise the semigroup 
re := exp(tAJ,) = exp(tn(J, —Id)) (t= 0) 


(cf. (7.2.59)). By Lemma 7.2.7, we then have 


oe = exp(—tn) exp(tnJ,,). (7.2.60) 


Since by (7.2.56) 


Gl)” 
llexp(tnJp)al| < > or Wen all S exp(nt) [lal 
v=0 . 
it follows that 
jn rae (7.2.61) 


and thus in particular, the operators are equicontinuous in t > 0 and 


neN. 
For all m,n © N, we have 


— 
w 
Sate / 


ImIn = InJm: (7.2.62) 


Since by (7.2.60), J, commutes with ious then also J,, commutes with 
Va for all n,m € N, t > 0. By Lemmas 7.2.3, 7.2.6, we have for x € B, 


DLT « = AIn Th” x = T!”) ATs; (7.2.63) 


hence 


t 
[pe—aia] =| fm. (nists) a 
0 


t 
= | i: TT) (AJ, — Adm ads 
0 


< t|\(Adn — Adm) =| 


with (7.2.61). For « € D(A), we have by (7.2.59) 


(7.2.64) 


(AJn — Adm) & = (Jn — Im) Ar. (7.2.65) 


wa 


wna 
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Equations (7.2.64), (7.2.65), (7.2.57) imply that for « € D(A), 


(1/2) neN 


is a Cauchy sequence, and the Cauchy property holds uniformly on 0 < 
t < to, for any to. Since the operators ne are equicontinuous by (7.2.61), 
and D(A) is dense in B by assumption, then 


(xi? x) nen 


is even a Cauchy sequence for all « € B, again locally uniformly with 
respect to t. Thus the limit 


Tix := lim TO x 
noo 
exists locally uniformly in t, and T; is a continuous linear operator with 
Tl <1 (7.2.66) 


(cf. (7.2.61)). 
We claim that (Z;)¢>0 is a semigroup. Namely, since vaca ee, is a semi- 
group for all n € N, using (7.2.61), we get 


Tr+s0 — T:Tsx|| < | Trot — Tha 


< | Tt4 sf = Ty 


| a Ty = TT .2 


TOT pT Te 


| zed |S ee Tra 


+ |G? 7) ne 
and this tends to 0 for n > ov. 
By (4) and (7.2.66), {Z;}:>0 is a contracting semigroup. We now want to 


show that A is the infinitesimal generator of this semigroup. Letting A 
be the infinitesimal generator, we are thus claiming 


AA. (7.2.67) 
Let 2 € D(A). From (7.2.57) and (7.2.59), we easily obtain 


TAc = lim TT AInZ, (7.2.68) 


again locally uniformly with respect to t. Thus, for « € D(A), 
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1 1 n 
lim — (Tia — 7) = lim — lim (a \e x) 
trd0 ¢ t 


\O t n-00 


1 t 
=lim- lim | T AJnax ds by (7.2.63) 
t\0 t noo 0 


1 re 
=lim-— | T,Axds 
t0 t Jo 


= Ax. 
Thus, for 2 € D(A), we also have x € D(A), and Ar = Az. All that 


remains is to show that D(A) = D(A). By the proof of Theorem 7.2.2, 
(nId —A) maps D(A) bijectively onto B. Since (nId—A) already maps 
D(A) bijectively onto B, we must have D(A) = D(A) as desired. 

It remains to show the uniqueness of the semigroup {T;}:>0 generated by 
A. Let {T;}:s0 be another contracting semigroup generated by A. Since 


A then commutes with T;, so do AJ, and Tn, We thus obtain as in 


(7.2.64) for « € D(A), 
l 
= Ds Tle ds 
J=|[[ 2. (@-1!%») 


-| i (-T._.T!”(A- AJy)e) ds]. 
0 


— 
a 
= 


ns — Tx 


Then (7.2.57) implies 
Tix = lim 7 
n—->co 


for all 2 € D(A) and then as usual also for all x € B; hence T; = Tj. 


We now wish to show that the two examples that we have been considering 
satisfy the assumptions of the Hille-Yosida theorem. Again, we start with the 
translation semigroup and continue to employ the previous notation. We had 
identified 


A= & (7.2.69) 
dx 


as the infinitesimal generator, and we want to show that A satisfies condition 
(7.2.56). Thus, assume 


i 
Id—— = 2: 
(1a ~<) p26 (7.2.70) 
and we have to show that 


sup |g(z)| < sup |f(2)|. (7.2.71) 
«x>0 «>0 
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Equation (7.2.70) is equivalent to 


Fle) = g(a) - =9'(2), (7.2.72) 


We first consider the case where g assumes its supremum at some 29 € [0, 00). 
We then have 


g (0) <0 (=0, if xo > 0). 


From this, 
sup g(x) = g(Xo) < g(%0) — * g! (20) = f(xo) < sup f (2). (7.2.73) 


If g does not assume its supremum, we can at least find a sequence (2,),en C 
(0, co) with 


g(xv) > sup g(x). (7.2.74) 


We claim that for every €9 > 0 there exists vo € N such that for all vy > 1, 
g' (ty) < €0. (7.2.75) 
Namely, if we had 
g (tv) = €0 (7.2.76) 


for some €9 and almost all v, by the uniform continuity of g’ that follows 
from (7.2.72) because f,g € B, there would also exist 6 > 0 such that 


lu 
2 
for all v with (7.2.76). Thus we would have 


g (x) > if ja—ap| <6 


6 
g(a +8)= ale.) + f ol ay + tat > o(ay) +. (7.2.77) 


On the other hand, by (7.2.74), we may assume 


E00 
g(av) > sup g(x) — =P, 
which in conjunction with (7.2.77) yields the contradiction 


g(a, +6) > sup g(a). 


Consequently, (7.2.75) must hold. As in (7.2.73), we now obtain for each ¢ > 0 
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s/o 


supg(e) = im o(ty) < Jim. (g(a) — Zale) + 


v—->oo v—-oco 


E € 
= ] — < —_—, 
FE eal Seu ae 


The case of an infimum is treated analogously, and (7.2.70) follows. 


We now want to carry out the corresponding analysis for the heat semi- 
group, again using the notation already established. In this case, the infinites- 
imal generator is the Laplace operator, 


A=A. (7.2.78) 
We again consider the equation 
1 .\7 
(1a-=a) f=49, (7.2.79) 
nm 
or equivalently, 
1 
F(x) = g(x) — ~ Ag(z), (7.2.80) 


and we again want to verify (7.2.56), ie., 


sup |g(x)| < sup |f(x)|. (7.2.81) 
x2ER4 reERé 


Again, we first consider the case where g achieves its supremum at some 
xo € R¢. Then 


Ag(xo) < 0, 


and consequently, 
sup g(r) = g(r) < 9(20) — —Aglao) = f(ao) <sup f(z). (7.2.82) 


If g does not assume its supremum, we select some 29 € R@, and for every 
7 > 0, we consider the function 


n(x) = g(x) — n |x — ao)”. 
Since 


lim g,(x) = —oo, 
|z| 00 


Jn assumes its supremum at some x, € R¢. Then 


Agn (Xn) < 0, 
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ie., 
Ag(&n) < 2dn. 
For y € R%, we obtain 


2 
gy) < g(a@y) + nly — 2o| 


/\ 
mn 
S 
S 
= 
& 
+ 
s 3 
fo 
3|& 
+ 
cs 
| 
8 
La] 
Pare 
So 


Since 7 > 0 can be chosen arbitrarily small, we thus get for every y € R@ 


g(y) < sup f(z), 
xcER4 


ie., (7.2.81) if we treat the infimum analogously. 

It is no longer so easy to verify directly that (7.2.80) is solvable with 
respect to g for given f. By our previous considerations, however, we already 
know that A generates a contracting semigroup, namely, the heat semigroup, 
and the solvability of (7.2.80) therefore follows from Theorem 7.2.2. Of course, 
we could have deduced (7.2.56) in the same way, since it is easy to see that 
(7.2.56) is also necessary for generating a contracting semigroup. The direct 
proof given here, however, was simple and instructive enough to be presented. 


7.3 Brownian Motion 


We consider a particle that moves around in some set S$, for simplicity as- 
sumed to be a measurable subset of R%, obeying the following rules: The 
probability that the particle that is at the point x at time t happens to be in 
the set E C S for s >t is denoted by P(t,x;s, £). In particular, 


P(t,x;s, 5) =1, 

P(t, 2; 5,0) =0. 
This probability should not depend on the positions of the particles at any 
times less than t. Thus, the particle has no memory, or, as one also says, 


the process has the Markov property. This means that for t < 7 < s, the 
Chapman-—Kolmogorov equation 


P(t.0:8,£) = | Plryss, B)P(bxst.a)dy (7.3.1) 
S 
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holds. Here, P(t,2;7,y) has to be considered as a probability density, i.e., 
P(t,x;T,y) > 0 and te P(t,x;7,y)dy = 1 for all x,t,7. We want to assume 
that the process is homogeneous in time, meaning that P(t, 2; 5, £) depends 
only on (s — t). We thus have 


P(t, 2; s,E) = P(0,2;s—t, E) =: P(s —t,2, E), 


and (7.3.1) becomes 
P(t 7,2,£) = f P(r, E)P(t2,y)dy. (7.3.2) 
Ss 


We express this property through the following definition: 


Definition 7.3.1: Let B a c-additive set of subsets of S with S € B. For 
t>0,vES, and E €B, let P(t,x,E) be defined satisfying 


(i) P(t,z,E) >0, P(t,2,S) =1. 
(ti) P(t,a, E) is o-additive with respect to E € B for all t,x. 
(iti) P(t,a, E) is B-measurable with respect to x for all t, E. 
(ww) P(t+7,2,E) = fy P(t,y, E)P(t,2,y)dy (Chapman—Kolmogorov equa- 
tion) for allt,r > 0, x, E. 


Then P(t, x, E) is called a Markov process on (5,6). 


Let L°°(S) be the space of bounded functions on S. For f € L™®(S), t > 0, 
we put 


(Tite) = f Plex) Fo)dy. (7.3.3) 
s 
The Chapman—Kolmogorov equation implies the semigroup property 

Tits = oe ie) ae for t; &s > 0. (7.3.4) 


Since by (i), P(t,2,y) > 0 and 
[Peenay =1, (7.3.5) 

it follows that 
sup IT: f(x) S se If(@)I, (7.3.6) 


i.e., the contraction property. 

In order that T; map continuous functions to continuous functions and 
that {T;}:>0 define a continuous semigroup, we need additional assumptions. 
For simplicity, we consider only the case S = R¢. 
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Definition 7.3.2: The Markov process P(t,x,E) is called spatially homoge- 
neous if for all translations i: R4 > R4, 


P(t,i(z),i(E)) = P(t,2, EB). (7.3.7) 


A spatially homogeneous Markov process is called a Brownian motion if for 
all 0 > 0 and all x € R¢, 


1 
lim — P(t,x,y)dy = 0. (7.3.8) 
0 t Si2—-y|>0 


Theorem 7.3.1: Let B be the Banach space of bounded and uniformly con- 
tinuous functions on R¢, equipped with the supremum norm. Let P(t, «, E) 
be a Brownian motion. We put 


(Tle): =f Pecwsw)ay fort > o, 
R 
Tof =f. 
Then {T;}i>0 constitutes a contracting semigroup on B. 


Proof: As already explained, P(t, 2, E) > 0, P(t,x,R“) = 1 implies the con- 
traction property 


sup |(T:f)(a)| < sup |f(#)| for all f € B,t> 0, (7.3.9) 
xER¢ zeER¢ 


and the semigroup property follows from the Chapman—Kolmogorov equa- 
tion. Let i be a translation of Euclidean space. We put 


if(x) = f(z) 
and obtain 


iT, f(x) = T;f (ix) ={ P(t, ix, y) f(y)dy 
= [ Plt ivi) Miv)dy, 


since d(iy) = dy for a translation, 


= [Plex u)flivddy, 

Rd 

since the process is spatially homogeneous, 
= Tiif (x), 


iT, = Tyi. (7.3.10) 
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For x,y € R?, we may find a translation i: R¢ + R? with 
ix = y. 
We then have 
(Tif) (2) — (Lif) (y)] = |i) (@) — CTS) (a)| = |Te(f -— 2) (a)]- 


Since f is uniformly continuous, this implies that 7; f is uniformly continuous 
as well; namely, 


ITi(f —af)(2)| = [[ Penare — flie))dz| <eup |f(2) ~ f(2)], 


and if |2 — y| < 6, then also |z — iz| < 6 for all z € R%, and 5 may be chosen 
such that this expression becomes smaller than any given ¢ > 0. Note that 
this estimate does not depend on t. 

It remains to show continuity with respect to t. Let t > s. For f € B, we 
consider 


IT. f(x) — T.f(a)| =|Tr9(2) — g(2)| for r= t—s,9:=Tof 


=| [ Poo.enalu) ~ ate) ay 


because of | P(t,x,y)dy =1 
Rd 


< 


< / “eg Pm UVa(u) — 9(0))Ay 


— 


[Pee mlow) ~92))¢y 


< 


[Pee wlaw) ~ ey 


+2 sup |f(z)| P(r,a,y)dy 
zER4 |a—y|>e 


by (7.3.9). Since we have checked already that g = T,f satisfies the same 
continuity estimates as f, for given « > 0 we may choose g > 0 so small that 
the first term on the right-hand side becomes smaller than ¢/2. For that value 
of @ we may then choose 7 so small that the second term becomes smaller 
than ¢/2 as well. Note that because of the spatial homogeneity, 7 can be 
chosen independently of x and y. This shows that {7;}:>0 is a continuous 
semigroup, and the proof of Theorem 7.3.1 is complete. 


An example of Brownian motion is given by the heat kernel 
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1 |z—y|? 


P(t,z,y) = (axis e #. (7.3.11) 


We shall now see that this already is the typical case of a Brownian motion. 


Theorem 7.3.2: Let P(t,x,E) be a Brownian motion that is invariant un- 
der all isometries of Euclidean space, i.e., 


P(t, i(x),i(B)) = P(t,2, E) (349) 


for all Euclidean isometries i. Then the infinitesimal generator of the con- 
tracting semigroup defined by this process is 


A=cA, (7.3.13) 


c= const > 0, A =Laplace operator, and this semigroup then coincides with 
the heat semigroup up to reparametrization, according to the uniqueness result 
of Theorem 7.2.3. More precisely, we have 


Pt, 2,4) = 


(7.3.14) 


Proof: (1) Let B again be the Banach space of bounded, uniformly contin- 
uous functions on R¢, equipped with the supremum norm. By Theo- 
rem 7.3.1, our semigroup operates on B. By Theorem 7.2.1, the domain 
of definition D(A) of the infinitesimal operator A is dense in B. 

We claim that D(A) NM C%(R%) is still dense in B. To verify that, as 
in Section 2.1 we consider mollifications with a smooth kernel, i.e., for 


fe D(A), 
fr(®) = = |e (==4 zs i) f(y)dy as in (1.2.6) 


-| p(\z|) f(a — rz)dz. (7.3.15) 
Rd 


— 
i) 
x 


Since we are assuming translation invariance, if the function f(a) is con- 
tained in D(A), so is (i, f)(x) = f(z—rz) for all r > 0, z € R@ in D(A), 
and the defining criterion, namely, 


lin + (f Peoesvdsl y-r2)- fle—r2)) =0, 


holds uniformly in r,z. Approximating the preceding integral by step 
functions of the form )>,, c, f(x —1rz,) (where we have only finitely many 
summands, since g has compact support), we see that since f does, f, also 
satisfies limo + (fea P(t, 2, y)f,(y) dy — f-(x)) = 0, hence is contained 
in D(A). Since f, is contained in C%°(R®) for r > 0, and converges to f 
uniformly as r — 0, the claim follows. 
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(3) We claim that there exists a function y € D(A) N C™%(R®) with 


=~; (0) > S(«’)? for all « € R*. (7.3.16) 


j=l 


For that purpose, we select 7% € B with 


aap 1 forj=k 
———(0) = 26; Ojk = 
DaiOak | ) a ( ah {% ed , 


and from (2), we find a sequence (f()),en C D(A)NC®(R4), converging 
uniformly to wv. Then 


o 1 oO? ly—2| 
2 F((9) = 
OxI Oak Fr""(0) rd ad ( r ) 
wy) dy for v + oo 


af a5 ly = 2 
rd J Oxiduk © r ea 


_ fag 
~ pd = /e (# r “1) Baiagk Vw) dy 


replacing the derivative with respect to x by one with 
respect to y and integrating by parts 
2 
> ~~ (0 
Ox) Oxk (0) 
= Wyn. 


f(y) dy 
x=0 


a 


for r > 0 


We may thus put y = ff for suitable v € N, r > 0, in order to achieve 
(7.3.16). By Euclidean invariance, for every xo € R®, there then exists a 
function in D(A) M7 C®(R¢), again denoted by y for simplicity, with 


-(%9) > Ye —a))? for alla € R%. 
(7.3.17) 


(4) For all zp € R4, j =1,...,d,r >0,¢>0, 


/ (ci — af) P(t,ao,x)dx =0, ao =(x),...,08); (7.3.18) 
|w—axo|<r 


namely, let 
i:R?>R¢4 


be the Euclidean isometry defined by 


(7.3.19) 


nN 
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(reflection across the hyperplane through 2 that is orthogonal to the jth 
coordinate axis). We then have 


/ (2? — ert, TO, a)dx = / i(a! — ah) P(t, 120, ix)dax 


=— (a — 3) P(t, ao, x)dx 
|w—ao|<r 


because of (7.3.19) and the assumed invariance of P, and this indeed 
implies (7.3.18). 
Similarly, the invariance of P under rotations of R@ yields 


/ | (a — 23)? P(t, ao, 2)dx = / (a* — xk)? P(t, xo, x) dx 
|x—ao|<r 


|w—axo|<r 
for all x9 € R¢,r >0,t>0,j,k=1,...,d, (7.3.20) 
and finally as in (7.3.18), 


/ : (a) — o3)(x* — ak) P(t,ao,2)de =0 forj#k, (7.3.21) 
to—2|<r 


if to € R¢, r>0,¢>0, j,k € {1,...,d}. 
Let y € D(A) N C?(R2). We then obtain the existence of 


a 
Ag(ro) = iat ae P(t, x0, 2)(p(x) — y(xo))da 
1 
= lim — P(t, x0, x)(y(x) — y(xo0))dx by (7.3.8) 
0 t @—2o|<e 
1 . Oy 
= lim = 5 gh) (49) P(t d 
ian (a! — x3) (2* — rk) 
to t |x—axo|<e 2 ik ° a 
Op 
x a agk (ap + T(a@ — X0)) P(t, vo, x)dx 


by Taylor expansion for some 7 € [0,1), as y € C?(R2). 


The first term on the right-hand side vanishes by (7.3.18). Thus, the 
limit for t \, 0 of the second term exists, and it follows from (7.3.17) and 
P(t,xo,x) > 0 that 


1 ; : 
lim sup ;/ S 0 (2! — 23) P(t, 20, 2)dx < 00. (7.3.22) 
t\0 |z—aol<e 


By (7.3.8), this limit superior does not depend on ¢ > 0, and neither does 
the corresponding limit inferior. 
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(6) Now let f € D(A) N C?(R2). As in (5), we obtain, by Taylor expanding 
‘i at Zo, 


: (Tf (xo) — f(®0)) 
=1 f (F@) — a0) Plt,20,0)de 
R@ 
1 
7 t _ (2) 7 f(a0)) P(t, to, x)dx 
1 ; 
- t _ co 7 0) 5 J (20) P(t, vo, 7)dax 
1 1 % 2 k k Can 
oar —_ 2 dle 4 )(@ 0) a Faak (xo) P(t, vo, x)dx 
1 
se fe —_ Le a ah) (a* = x §)o%;(€) P(t, Xo, x)dx 


(where the notation suppresses the z-dependence of the remain- 
der term o;;(€), since this converges to 0 for « > 0 uniformly 
in x, since f € C?(R*)) 


7 a _ f(®0)) P(t, to, x) dx 
: j_ piya_OF 
ot _ de ~ %) (OxI)? (xo) P(t, xo, x)dax 
” : [... 2A 7 m)(a" -_ xh) oj (€)P(t, ZO, x)dx 


by (7.3.18), (7.3.21). (7.3.23) 


By (7.3.8), the first term on the right-hand side tends to 0 as t > 0 for 
every € > 0. Because of (7.3.22) and lime_,9 ai;(¢) = 0 (since f € C), the 
last term converges to 0 as ¢ + 0 for every t > 0. Since we have observed at 
the end of (5), however, that in the second term on the right-hand side, limits 
can be performed independently of ¢, for all ¢ > 0, we obtain the existence 
of 


1 ; iy ef 
: has — J\2 = 
lim, Paces (x? — x) (nie (a9) P(t, x0, x)da = Af(ao), (7.3.24) 


by performing the limit t + 0 on the right-hand side of (7.3.23). 
The argument of (3) shows that for f € D(A), 
0? f 
oor) 
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may approximate arbitrary values, and so in particular, we infer the existence 
of 
as (a? — #3)? P(t, x, x) dx 
tO b J\z—ao|<e ° — 
independently of ¢. By (7.3.20), for each j = 1,...,d, 
ae (a3 — a})? P(t, xo, x)dx 
0 b S\e—aol<e ° — 


exists and is independent of 7 and by translation invariance independent of 
Xo as well. We thus call this limit c. By (7.3.24), we then have 


Af (ao) = cAf (ao). 


The rest follows from Theorem 7.2.3. 


Remark: If we assume only spatial homogeneity, i.e., translation invariance, 
but not invariance under reflections and rotations, the infinitesimal generator 
still is a second-order differential operator; namely, it is of the form 


= 4 o? Siew 
Af(a) = YD a (2) (0) + wa) SE (a) 
j,k=1 j=l 
with 
a?*(«) = lim > (yi — a)(y* — 2°) P(t, 2, y)dy, 


0b S\y—al<e 
and thus in particular, 
a* =a", aJI >0 for all j,k, 


and 


1 ; ; 
D(x) = lim — J — a) P(t d 
(x) im + esa” a/)P(t, x, y)dy, 


where the limits again are independent of ¢ > 0. The proof can be carried 
out with the same methods as employed for demonstrating Theorem 7.3.2. 


A reference for the present chapter is Yosida [23]. 


Summary 


The heat equation satisfies a Markov property in the sense that the solution 
u(x,t) at time t, + tg with initial values u(x,0) = f(x) equals the solution at 
time t2 with initial values u(x, t,). Putting 
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(P,f)(x) == ule,t), 
we thus have 
(Pritt, f)(e) = Pig (Pe, f) (2); 
i.e., P; satisfies the semigroup property 
Pst, =P, oP, for ti, te > 0. 
Moreover, {P;}¢>0 is continuous on the space C° in the sense that 


lim P, = Pry 
t\yto 


for all t9 > 0 (in particular, this also holds for tg = 0, with Pj = Id). 
Moreover, P; is contracting because of the maximum principle, i.e., 


IPeflleo <Iflleo fort 20, f €C°. 


The infinitesimal generator of the semigroup P; is the Laplace generator, i.e., 


A=lim B, — Id). 
t\0 t 

Upon these properties one may found an abstract theory of semigroups in 

Banach spaces. The Hille-Yosida theorem says that a linear operator A : 

D(A) + B whose domain of definition D(A) is dense in the Banach space B 

and for which Id -1A is invertible for all n € N and 


1 -1 
d—A < 
lc n ) <1 


generates a unique contracting semigroup of operators 
T: BB (t>0). 


For a stochastic interpretation, one considers the probability density 
P(t,x,y) that some particle that during the random walk happened to be 
at the point x at a certain time can be found at y at a time that is larger by 
the amount t. This constitutes a Markov process inasmuch as this probability 
density depends only on the time difference, but not on the individual values 
of the times involved. In particular, P(t,2,y) does not depend on where the 
particle had been before reaching x (random walk without memory). Such a 
random walk on the set S satisfies the Chapman—Kolmogorov equation 


P(t; + to, 2,y) = | P(t, &, 2) P(ta, z, y)dz 
s 
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and thus constitutes a semigroup. 
If such a process on R? is spatially homogeneous and satisfies 
1 


lim — P(t, x,y) dy =0 
0b S\2—yl>p 


for all p > 0 and x € R%, it is called a Brownian motion. One shows that 
up to a scaling factor, such a Brownian motion has to be given by the heat 
semigroup, 1.€., 


1 _ |e-yl? 


P(t, z,y) = (net)? 


Exercises 
7.1 Let f € C°(R%) be bounded, u(«, t) a solution of the heat equation 
uz(z,t) = Au(z,t) for c € R%,t > 0, 
u(x,0) = f(@). 
Show that the derivatives of u satisfy 


i) 
|pqrU(@1)| S const sup |f| eae 


(Hint: Use the representation formula (4.2.3) from Section 4.2.) 
7.2 As in Section 7.2, we consider a continuous semigroup 


exp(tA): BB (t>0),Ba Banach space. 
Let B, be another Banach space, and for t > 0 suppose 
exp(tA): Bi > B 
is defined, and we have for 0 < t < 1 and for all y € By, 
l|exp(tA)y||e < const t-“||y||p, for some a < 1. 
Finally, let 
@:B> B, 


be Lipschitz continuous. 
Show that for every f € B there exists T > 0 with the property that the 
evolution equation 

Ov 


ao Av+@(v(t)) for t > 0, 


(0) = f, 
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7.4 
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has a unique, continuous solution v : [0,7] > B. 
(Hint: Convert the problem into the integral equation 


v(t) = exp(tA) f + il exp((t — s)A)®(u(s))ds 


and use the Banach fixed-point theorem (as in the standard proof of the 
Picard—Lindelof theorem for ODEs) to obtain a solution of that integral 
equation.) 

Apply the results of Exercises 6.1, 6.2 to the initial value problem for the 
following semilinear parabolic PDE: 


eur, t) = Au(a,t) + F(t,2, u(x), Du(a)) for «€ RY t +0, 
u(x, 0) = f(z), 


for compactly supported f € C°(R7). We assume that F is smooth with 
respect to all its arguments. 
Demonstrate the assertion in the remark at the end of Section 7.3. 


8. The Dirichlet Principle. 
Variational Methods for the Solution of PDEs 
(Existence Techniques ITI) 


8.1 Dirichlet’s Principle 


We consider the Dirichlet problem for harmonic functions once more: 
We want to find a solution u: 2 —> R, Q € R4¢ a domain, of 


Au=0 inQ, 


ie one (8.1.1) 


with given f. 
Dirichlet’s principle is based on the following observation: Let u € C?() 
be a function with u = f on 02 and 


i: |Vu(«)|? de = min {/ |Vo(x)|? dz: v: QR with v = f on aah : 
‘ ‘ (8.1.2) 
We now claim that u then solves (8.1.1). To show this, let 
n € C9(Q).4 


According to (8.1.2), the function 


a(t) = | IV(u+ tna) de 


possesses a minimum at t = 0, because u + tn = f on OM, since 7 vanishes 
on 02. Expanding this expression, we obtain 


a(t) =f Ivu(a) de +2 [| Yule) Vala)de +t i: |\Vn(a)|~ dx. (8.1.3) 


In particular, a is differentiable with respect to t, and the minimality at t = 0 
implies 
a(0) = 0. (8.1.4) 


' C8 (A) := {py € C®(A) : the closure of {2 : v(x) 4 0} is compact and contained 
in A}. 
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By (8.1.3) this implies 
Vu(x) - Vn(x)dx = 0, (8.1.5) 


2 


and this holds for all 7 € C§°(2). 
Integrating (8.1.5) by parts, we obtain 


Au(x)n(a)dx = 0 for all 7 € Cpe (2). (8.1.6) 
2 
We now recall the following well-known and elementary fact: 


Lemma 8.1.1: Suppose g € C°(Q) satisfies 


a g(x)n(a)dz =0 for all n € Co°(2). 


Then g =0 in 22. 


Applying Lemma 8.1.1 to (8.1.6) (which is possible, since Au € C°(Q2) by 
our assumption u € O?(2)), we indeed obtain 


Au(#)=0 in Q, 


as Claimed. 
This observation suggests that we try to minimize the so-called Dirichlet 
integral 


D(u) := 1 |Vu(a)|? de (8.1.7) 


in the class of all functions u: 2 > R with u = f on OM. This is Dirichlet’s 
principle. 

It is by no means evident, however, that the Dirichlet integral assumes 
its infimum within the considered class of functions. This constitutes the 
essential difficulty of Dirichlet’s principle. In any case, so far we have not 
specified which class of functions u : 2 — R (with the given boundary values) 
we allow for competition; the possibilities include functions of class C'°°, which 
would be natural, since we have shown already in Chapter 1 that any solution 
of (8.1.1) automatically is of regularity class C°°; functions of class C?, which 
would be natural, since then the differential equation Au(x) = 0 would have 
a meaning; and functions of class C! because then at least (assuming 2 
bounded and f sufficiently regular, e.g., f € C') the Dirichlet integral D(u) 
would be finite. Posing the question somewhat differently, should we try to 
minimize D(U) in a space of functions that is as large as possible, in order to 
increase the chance that a minimizing sequence possesses a limit in that space 
that then would be a natural candidate for a minimizer, or should we rather 
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select a smaller space in order to facilitate the verification that a tentative 
solution is a minimizer? 

In order to analyze this question, we consider a minimzing sequence 
(Un)nen for D, ie., 


lim D(u,) = inf {D(v): uv: 24 R,v= f on 02} = k, (8.1.8) 


noo 


where, of course, we assume u, = f on OM for all u,. To find properties of 
such a minimizing sequence, we shall employ the following simple lemma: 


Lemma 8.1.2: Dirichlet’s integral is convex, i.e., 

D(tu+ (1 —t)v) < tD(u) + (1 — t)D(v) (8.1.9) 
for all u,v and all t € [0,1]. 
Proof: 


D(tu+(1—t)v) =f |tVu + (1 — t)Vo|* 


=a {t\vul? + (1 —#)|Vo)?} 


because of the convexity of w+ |w|* 
=1D(u) + (1 =£)De. 


Now let (Un)nen be a minimizing sequence. Then 


D(un _ Um) -| |V (Un —_ Um) |” 
2 


Un + U . 
=a unl? +2 f Vuml? = 4 f yp(=s"*)| 
Q .?) 2 2 


= 2D(tn) +2D(um) — 4D (=t*) (8.1.10) 
We now have 
Un a Um 8 
K<D (=) by definition of « ((8.1.8)) 
1 1 
< gP (un) + 5 P (um) by Lemma 8.1.2 
> forn,m— ov, (8.1.11) 


since (u,) is a minimizing sequence. This implies that the right-hand side of 
(8.1.10) converges to 0 for n,m — oo, and so then does the left-hand side. 
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This means that (Vun)nen is a Cauchy sequence with respect to the topology 
of the space L?(2). (Since Vun has d components, i.e., is vector-valued, this 
says that 9“ is a Cauchy seqeunce in L?(Q) for i= 1,...,d.) Since L?(Q) 
is a Hilbert space, hence complete, Vu, thus converges to some w € L?(). 
The question now is whether w can be represented as the gradient Vu of 
some function u : 2 — R. At the moment, however, we know only that 
w € L?(Q), and so it is not clear what regularity properties u should possess. 
In any case, this consideration suggests that we seek a minimum of D in the 
space of those functions whose gradient is in L?(2). In a subsequent step we 
would then have to analyze the regularity proprties of such a minimizer u. 
For that step, the starting point would be relation (8.1.5), i-e., 


: Vu(x)-Vn(a)dx =0_ for all n € Co°(2), (8.1.12) 
Q 


which continues to hold in the context presently considered. By Corol- 
lary 1.2.1 this already implies u € C™(2). In the next chapter, however, 
we shall investigate this problem in greater generality. 

Dividing the problem into two steps as just sketched, namely, first proving 
the existence of a minimizer and afterwards establishing its regularity, proves 
to be a fruitful approach indeed, as we shall find in the sequel. For that 
purpose, we first need to investigate the space of functions just considered in 
more detail. This is the task of the next section. 


8.2 The Sobolev Space W1? 


Definition 8.2.1: Let Q C R® be open and u € Ly,,(Q). A function v € 


loc 7 
Li.(2) is called weak derivative of u in the direction x* (x = (x1,...,a7) € 


R*) if 
oo 
[o=- | wpgae (8.2.1) 


for all ¢ € C4(Q).2 We write v = Dyu. 
A function u is called weakly differentiable if it possesses a weak derivative 
in the direction x* for alli € {1,...,d}. 


It is obvious that each u € C1(22) is weakly differentiable, and the weak 
derivatives are simply given by the ordinary derivatives. Equation (8.2.1) is 
then the formula for integrating by parts. Thus, the idea behind the definition 
of weak derivatives is to use the integration by parts formula as an abstract 
axiom. 


2 Ch(Q) = {f € C*(Q) : the closure of {a : f(x) 4 0} is a compact subset of 2} 
) 


8.2 The Sobolev Space W1? 187 


Lemma 8.2.1: Let u € Li,.(2), and suppose v = D;u exists. If dist(x, 02) 
>h, we have 


Di(un(x)) = (Dit)n(2). 


Proof: By differentiating under the integral, we obtain 
1 O z-y 
Dx(un(e)) = ga f gyre (2) mney 
—1 6) zy 
ery. ') re ( h ) u(y)dy 
1 


wef e (=) Dyu(y)dy by (8.2.1) 
= (Dyu), (a). 


Lemmas A.3 and 8.2.1 and formula (8.2.1) imply the following theorem: 
Theorem 8.2.1: Let u,v € L?(Q). Then 


v= Dyu 


precisely if there exists a sequence (Un) C C~(2) with 


Un > U, on su in L7(2) for any QM cc an. 
nt 


Definition 8.2.2: The Sobolev space W1:?(Q2) is defined as the space of those 
u € L?(Q2) that possess a weak derivative of class L?(Q) for each direction 
lt 148). 

In W1?(Q) we define a scalar product 


d 
(u, v)w12(9) =| wy | Dyu- Dyv 
Q 1/2 


and a norm 


1 
lullw2.2 (a) = (u, U)W1.2(9)° 


We also define H':?(Q) as the closure of C°(Q)W'?(Q) with respect to 
the W?-norm, and Ay (2) as the closure of C§°(92) with respect to this 
norm. 


Corollary 8.2.1: Wt?(2) is complete with respect to ||-||yy1.2, and is hence 
a Hilbert space. W+:?(Q) = H1?(). 
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Proof: Let (Un)nen be a Cauchy sequence in W!?(Q2). Then (un)nen, 
(Ditin)nen (¢ = 1,..-,d) are Cauchy sequences in L?(Q). Since L?(Q) is 
complete, there exist u,v’ € L?(Q) with 


Un > uU, Dit, ov in L?(Q2) (@=1,...,d). 


[Pin 6= = [undo 


and the left-hand side converges to fv’: ¢, the right-hand side to — f u- Did. 
Therefore, Dju = v', and thus u € W!?(Q). This shows completeness. 

In order to prove the equality H4?(2) = W1?(), we need to verify that 
the space C°(2) N W1?() is dense in W!:?(Q). For n € N, we put 


For ¢ € C4(Q), we have 


1 
Qn t= {2 EN: |\z|| <n, dist(#,0Q) > =} 
n 


with Q9 := Q_, :=0. Thus, 


Once Qy and || .Q,=2. 
neN 


We let {y;}jen be a partition of unity subordinate to the cover 
{Qn41 \ Qn =a 


of 2. Let u € W1?(2). By Theorem 8.2.1, for every ¢ > 0, we may find a 
positive number h,, for any n € N such that 


Rn < dist(Qn,OQn+1), 
é 
IPnt) in — Pntlll w1.2(9) < Qn 


Since the yy, constitute a partition of unity, on any 2/ CC (2, at most finitely 
many of the smooth functions (ynu)p,, are non-zero. Consequently, 


t= S“(ynu)n, € CW(2). 


n 


We have 


I|u — tllw1.2(a) . Il(Pnt)nrn — Pnull <e, 
n 


and we see that every u € W!?(Q2) can be approximated by C°-functions. 
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Corollary 8.2.1 answers one of the questions raised in Section 8.1, namely 
whether the function w considered there can be represented as the gradient 
of an L?-function. 


Examples: Q = (—1,1) CR. 
(i) u(x) == [2 
In that case, u € W'?((—1,1)), and 


Duta) 1 forO<a <1, 
u(x) = 
-1 for -l<a2<0O, 


because for every ¢ € C4((—1,1)), 


0 1 1 
i -#(a)de+ f o(a)dx = -{ d(x) + |x| dx. 
-1 0 -1 
1 for0O<2<1, 
u(a) = 
0 for -l<2<0O, 
is not weakly differentiable, for if it were, necessarily Du(x) = 0 for 


x # 0; hence as an Lj, function Du = 0, but we do not have, for every 
¢ € Cy((-1,1)), 


0= I. (x) Ode = — [. o!(a)u(x)da = — if $'(a)dx = 4(0). 


Remark: Any u € Li,,(Q) defines a distribution (cf. Section 1.1) 1, by 


loc 


duly] = [ w@otaae for y € Coe (2). 


Every distribution | possesses distributional derivatives D,l, i = 1,...,d, 
defined by 
dp 
[y] | = 


If v= Dju € Li,.(@) is the weak derivative of u, then 
Dilu = ly, 


because 


for all p € C§°(2). 
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Whereas the distributional derivative Djl,, always exists, the weak deriva- 
tive need not exist. Thus, in general, the distributional derivative is not of 


the form 1, for some v € Lj.,,(2), i.e., not represented by a locally integrable 


function. This is what happens in Example 2. Here, Dl,, = 60, the delta 
distribution at 0, because 


The delta distribution cannot be represented by some locally integrable func- 
tion v, because, as one easily verifies, there is no function v € Li,.((-1, 1) 
with 


/ u(x)p(x)dx = p(0) for all yp € CO°(2). 


This explains why u from Example 2 is not weakly differentiable. 
We now prove a replacement lemma exhibiting a characteristic property 
of Sobolev functions: 


Lemma 8.2.2: Let 2 CC 2, 9 € W!7(2), wu € Wt?(M%), u-g € 
Hy” (Qe). Then 


ula) for x € 2, 
u(x) = 
g(x) forx® Ee N\ QD, 
is contained in W1:7(2), and 
Halen Dyula) forx € Qo, 
Dig(x) forxE Q\ MN. 
Proof: By Corollary 8.2.1, there exist gn € C™(2), Un € C%(Mp) with 
In >g inW*?(2), 
Un >u in W?(29), 
Un — Jn =O on OM. (8.2.2) 
We put 


(a) := Djun(x) for x € Q, 
i iGn(x) for 7 € 2\ Qo, 
) 


i(x) Djyu(a) for x € Mo, 
w(x) := 
Dig(a) for rE Q\ MN. 


ate 
Un(x) for # € MQ, 
tp; (e)s= : 


(a) for € Q\ 2, 
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We then have for y € C}(), 


i put, =| pul + f put, = f eDiuin + f pDign 
Q 26 Q\2 20 Q\N 
-- | indie — f InDiv 
2 22% 


since the two boundary terms resulting from integrating the two 
integrals by parts have opposite signs and thus cancel because 
of gn = Un On OM 


=—-— | unDi~ 
7] 


by (8.2.2). Now for n > oo, 


feos | eDiu+ | pDig, 
2 20 Q\ 2 


Un Dip > | vDip, 
2 Q 


and the claim follows. 


The next lemma is a chain rule for Sobolev functions: 


Lemma 8.2.3: For u € W17(Q), f € C1(R), suppose 
sup | f"(y)| < 00. 
yER 


Then fou € W!?(Q), and the weak derivative satisfies D(f ou) = f’(u)Du. 


Proof; Let Un € C®(2), Un 4 u in W)?(Q) for n + oo. Then 


[ let) = (u)|? dx < sup |f"| * fin — ul dx + 0 


fem onan seni | Dun — Dul? dx 
2 
+2 (Gn GAP Iu de, 


By a well-known result about L?-functions, after selection of a subsequence, 
Un converges to u pointwise almost everywhere in .° Since f’ is continuous, 
f'(un) then also converges pointwise almost everywhere to f’(w), and since 


3 See J. Jost, Postmodern Analysis, p. 240 [12]. 
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f' is also bounded, the last integral converges to 0 for n + oo by Lebesgue’s 
theorem on dominated convergence. 
Thus 


f(un) > f(u) in £7(2) 
and 
D(f(un)) = Fig Diy = f'(u)Du in TD); 
and hence f ou € W!?(Q) and D(f ou) = f’(u)Du. 


Corollary 8.2.2: If u € W'?(2), then also |u| € Wt?(Q), and D\u| = 
signu: Du. 


Proof: We consider f-(u) := (u2+e2)2 —e, apply Lemma 8.2.3, and let ¢ — 0, 
using once more Lebesgue’s theorem on dominated convergence to justify the 
limit as before. 


We next prove the Poincaré inequality (see also Corollary 9.5.1 below). 


Theorem 8.2.2: For u € Hj7(2), we have 


t 
|Q|\ 4 
Illl p20.) < (fe |Dull p22) ; (8.2.3) 


where |92| denotes the (Lebesgue) measure of 2, and wg is the measure of 
the unit ball in R¢. In particular, for any u € Hey? (82), its W!?-norm is 
controlled by the L?-norm of Du: 


1 
lay? 
lullwuecay < (+(2 AY") talay: 


Proof: Suppose first u € Cé(2); we put u(x) = 0 for z € R4\ 2. For w € R4 
with |w| = 1, by the fundamental theorem of calculus we obtain by integrating 
along the ray {rw :0 <r < co} that 


u(x) = — i. ula +rw)dr. 


Integrating with respect to w then yields, as in the proof of Theorem 1.2.1, 


ae (a + rw) dwdr 
=-a,f Vee 10 


1 Ou 
a Lo 1 PT Bp Dear (ee) 


d . . 
1 / 1 a) ia yp 

= = u(y) dy, 
dwa Ja |x — y|* : 2 Oy’ |x —y| 
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and thus with the Schwarz inequality, 


1 1 
ju(x)| < a 
dwa Ja |x — y| 


7 |Du(y)| dy. (8.2.5) 


We now need a lemma: 


Lemma 8.2.4: For f € L'(2),0<p<\1, let 


(Vif)(e) = | fe ul Paddy. 


Then 


1. 
Vif llr2¢0) s a aie If llz2¢a) ; 


Proof: B(x,R) := {y € R@: |x — y| < R}. Let R be chosen such that |Q| = 
|B(a, R)| = waR?. Since in that case 


|2\ (27 Bla, R))| = |B(@, R) \(2N Biz, R))| 

and 

|x — y|te-Y) < RY-) for |x—y| > R, 

je— yl > RH) for |x yl < R, 
it follows that 

| |x — y|te- dy < | ja — y [te dy = 1 RY = i yi role 
o B(«,R) Lh HE 
(8.2.6) 

We now write 


jn — yl | Fy) = (lo - ylFOY) (le FO [FI] 


and obtain, applying the Cauchy Schwarz inequality, 


(Vf (@)| < | le — y|® [F(9)| dy 
‘¢) 
= dul) 4 )( _ , ;a(u-1) 2 iz 
< (fle lM ay) (fea LC a 
and hence 


1 4 = 
| Vif (a) 2 dx < Aut#|.2!" | | le — y[@#D | f(y) dy de 
Q Lt QaSaQ 


by estimating the first integral of the preceding inequality 
with (8.2.6) 


1 7 2 
< (<u! “i"") [inePay 
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by interchanging the integrations with respect to x and y and applying (8.2.6) 
once more, whence the claim. 


We may now complete the proof of Theorem 8.2.2: Applying Lemma 8.2.4 


with 4 = 4 and f = |Du| to the right-hand side of (8.2.5), we obtain 


(8.2.3) for u € C4(Q). Since by definition of Hj’?(), it contains C}(2) 
as a dense subspace, we may approximate u in the H!?-norm by some se- 
quence (Un)nen C C4(2). Thus, un converges to u in L?, and Du, to u. 
Thus, the inequality (8.2.3) that has been proved for u,, extends to u. 


Remark: The assumption that u is contained in Hj’?(Q), and not only in 
H'?(Q), is necessary for Theorem 8.2.2, since otherwise the nonzero con- 
stants would constitute counterexamples. However, the assumption wu € 
Hj7(Q) may be replaced by other assumptions that exclude nonzero con- 
stants, for example by [(, u(a)dax = 0. 


For our treatment of eigenvalues of the Laplace operator in Section 9.5, 
the fundamental tool will be the compactness theorem of Rellich: 


Theorem 8.2.3: Let Q € R@ be open and bounded. Then H,’?(Q) is com- 
pactly embedded in L?(Q); i.e., any sequence (un)nen C Hy'?(Q) with 


IlUnllw2.2¢) <co (8.2.7) 


contains a subsequence that converges in L?(22). 
Proof: The strategy is to find functions wy, € C1(Q), for every « > 0, with 


ia 
\|un _ Wnellwr.2(0) < 3 (8.2.8) 


and 
|| nell wr.2¢a) NGI (8.2.9) 


(the constant c; will depend on ¢, but not on n). By the Aszela—Ascoli theo- 
rem, (Wp,c)nen then contains a subsequence that converges uniformly, hence 
also in L?. Since this holds for every ¢ > 0, one may appeal to a general 
theorem about compact subsets of metric spaces to conclude that the closure 
of (Un)nen is compact in L?(Q) and thus contains a convergent subsequence. 
That theorem‘ states that a subset of a metric space is compact precisely if 
it is complete and totally bounded, i.e., if for any ¢ > 0, it is contained in 
the union of a finite number of balls of radius e. 

Applying this result to the (closure of the) sequence (Wn,-)nen, we infer 
that there exist finitely many z,, v =1,...,N, in L?(Q) such that for every 
neN, 


* see, e.g., J. Jost, Postmodern Analysis, Springer, 1998, Theorem 7.38. 
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ln, — 2vllza(a) < 5 for some v € {1,..., N}. (8.2.10) 


Hence, from (8.2.8) and (8.2.10), for every n EN, 
|r = Zvlln2(@) <e for some v. 


Since this holds for every ¢ > 0, the sequence (Un)nen is totally bounded, 
and so its closure is compact in L?(2), and we get the desired convergent 
subsequence in L?(2). 

It remains to construct the w,,-. First of all, by definition of Hy (2): 
there exists w, € Cj(Q) with 


E 
I]un — Wrllwr.acay < Z (8.2.11) 
By (8.2.7), then also 
/ K 
n t} i C . os 
Ilwnlly1.2(@) Sc for some constant cp (8.2.12) 


We then define w,,- as the mollification of w, with a parameter h = h(e) to 
be determined subsequently: 


tne(2) = a 0 (< ' ) wn(y)dy. 


The crucial step now is to control the L?-norm of the difference wy, — Wn,e 
with the help of the W!:?-bound on the original u,. This goes as follows: 


| biel) oe ate = | . ( [even = tn - hy) de 


hlul | 9 7 i 
= —Wn(x — rw)| drd dx withw= — 
7 0 les ac) | Or ( ) q ly| 

i , pel) a Z 
=f Cf emt? [O° |Punte—na)|dray) ax 
2 ly|<1 ) r 


(/.., ana) (/.., a? [ \Den(2 Peed) 


by Hélder’s inequality ((A.4) of the Appendix) and Fubini’s theorem. Since 
Siva o(y)dy = 1, we obtain the estimate 
||wn _ Wn ell r2(@) <h | Dwnl r2(0) : 


Because of (8.2.12), we may then choose h such that 
4 
Then (8.2.11) and (8.2.13) yield the desired estimate (8.2.8). 


|r — Wnell z2(a) < (8.2.13) 
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8.3 Weak Solutions of the Poisson Equation 


As before, let 2 be an open and bounded subset of R¢, g € H'?(Q). With the 
concepts introduced in the previous section, we now consider the following 
version of the Dirichlet principle. We seek a solution of 


Au=0 inf, 
u=g for 02 ( meaning u— g € Hy?(2)) ‘ 
by minimizing the Dirichlet integral 


- |Dv|* (here, Du = (Dyv,..., Dav)) 
Q 


among all v € H!?(Q) with v—g € Hy*(Q). We want to convince ourselves 
that this approach indeed works. Let 


KIS int{ [ |Du|? :v € H?(Q),v—ge A320) 
QQ 


and let (Un)nen be a minimizing sequence, meaning that uy, — g € Hy (2), 


and 
| |Dun|? + K. 
Q 


We have already argued in Section 8.1 that for a minimizing sequence 
(tn)nen, the sequence of (weak) derivatives (Dun) is a Cauchy sequence 
in L?(Q). Theorem 8.2.2 implies 


lun — Um || 22(2) < const || Dun — Dum|lr2(9) : 


Thus, (un) also is a Cauchy sequence in L?(2). We conclude that (un)nen 
converges in W1:?(2) to some u. This u satisfies 


| |Dul? =k 
2 


U—g € Hy (2), 


as well as 


because Hj’*(Q) is a closed subspace of W1?(Q). Furthermore, for every 
VE Hy" (Q); t ER, putting Du- Dv := so Dju- Div, we have 


K< Diu+ ty)? = f Jul? +t f Du: Dor? [ |Do|?, 
Q Q Q 2 


and differentiating with respect to t at t = 0 yields 


d 
0-7 / |D(u + tv)|? 0 =2 | Du- Dv for all v € Hy(2). 
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Definition 8.3.1: A function u € H'?(Q) is called weakly harmonic, or a 
weak solution of the Laplace equation, if 


[ Du: De=0 for all v € Hy?(Q). (8.3.1) 
2 


Any harmonic function obviously satisfies (8.3.1). In order to obtain a har- 
monic function from the Dirichlet principle one has to show that, conversely, 
any solution of (8.3.1) is twice continuously differentiable, hence harmonic. 
In the present case, this follows directly from Corollary 1.2.1: 


Corollary 8.3.1: Any weakly harmonic function is smooth and harmonic. In 
particular, applying the Dirichlet principle yields harmonic functions. More 
precisely, for any open and bounded Q in R¢, g € H'?(Q), there exists a 
function u € H*?(2)C™%(Q) with 


Au=0 inQ 
and 
u—g € Hy (2). 


The proof of Corollary 8.3.1 depends on the rotational invariance of the 
Laplace operator and therefore cannot be generalized. For that reason, in the 
sequel, we want to develop a more general approach to regularity theory. Be- 
fore turning to that theory, however, we wish to slightly extend the situation 
just considered. 


Definition 8.3.2: Let f € L?(2). A function u € H'?(Q) is called a weak 
solution of the Poisson equation Au = f if for all v € Aa), 


| Du-Dv+ | fv=0. (8.3.2) 
Q Q 


Remark: For given boundary values g (meaning u—g € Ao °(2)), a solution 
can be obtained by minimizing 


1 
5 [w+ f fw 
2 QQ QQ 


inside the class of all w € H'?(Q) with w — g € Hj’?(Q). Note that this 
expression is bounded from below by the Poincaré inequality (Theorem 8.2.2), 
because we are assuming fixed boundary values g. 


Lemma 8.3.1 (stability lemma): Let uji.2 be a weak solution of Au; = 
f; with uy — us € Ben). Then 


I|u1 — Uallys.2¢a) S const || fi — fallr2cay - 


In particular, a weak solution of Au = f, u-—g € Hy?(2) is uniquely 
determined. 
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Proof: We have 


D(u, — u2)Dv = -{ (f1 — fz)v for all v € Hy’?(2), 
Q Q 


and thus in particular, 


D(uy — u2)D(u, — uz) = [in f2)(u1 — ua) 


‘7 


/\ 


= |lfi—- Fallr2(a) lua — wall r2(@) 


< const \| fa _ fallr2(a) ||Dut = Dual 122) 
by Theorem 8.2.2, and hence 


||Duy — Dual|z2¢q) < const || fi — fall z2(ay - 


The claim follows by applying Theorem 8.2.2 once more. 


We have thus obtained the existence and uniqueness of weak solutions of 
the Poisson equation in a very simple manner. The task of regularity theory 
then consists in showing that (for sufficiently well behaved f) a weak solution 
is of class C? and thus also a classical solution of Au = f. 

We shall present three different methods, namely the so-called L?-theory, 
the theory of strong solutions, and the C°-theory. The L?-theory will be 
developed in Chapter 9, the theory of strong solutions in Chapter 10, and 
the C°-theory in Chapter 11. 


8.4 Quadratic Variational Problems 


We may ask whether the Dirichlet principle can be generalized to obtain solu- 
tions of other PDEs. In general, of course, a minimizer u of some variational 
problem has to satisfy the corresponding Euler-Lagrange equations, first in 
the weak sense, and if u is regular, also in the classical sense. In the general 
case, however, regularity theory encounters obstacles, and weak solutions of 
Euler-Lagrange equations need not always be regular. We therefore restrict 
ourselves to quadratic variational problems and consider 


(8.4.1) 
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We require the symmetry condition a’) = a‘ for all i,j. In addition, the 
coefficients a”) (x), b3(x), c(x) should all be bounded. Then I(u) is defined for 
u € H'!?(Q). As before, we compute, for y € Hy’(), 


I(u+ ty) = I(u) 


+a f{ avp, eta (Lv, utou)ehae 


Q ud 
+#7I(y). (8.4.2) 


A minimizer u thus satisfies, as before, 


d 
qllu+ to)lino = 0 for all y € Hy? (Q); (8.4.3) 


hence 


¥ (Lens vs Dyp+| S/W Dju+cul} ypdx=0 (8.4.4) 


2 j a j 


for all y € Hy’?(Q). 
If u € C?(Q2) and a,b) € C1(), then (8.4.4) implies the differential 
equation 


d d d 
yy a & a4 (a eu cor) = > bia) oe —c(x)u=0. (8.4.5) 


i=1 


As the Euler-Lagrange equation of a quadratic variational integral, we thus 
obtain a linear PDE of second order. This equation is elliptic when we assume 
that the matrix (a’’(z)); ;=<1,...,.4 is positive definite at every x € 2. 

In the next chapter we should see that weak solutions of (8.4.5) (i.e., so- 
lutions of (8.4.4)) are regular, provided that appropriate assumptions for the 
coefficients a‘, b!, c hold. The direct method of the calculus of variations, 
as this generalization of the Dirichlet principle is called, consists in finding a 
weak solution of (8.4.5) by minimizing J(u), and then demonstrating its reg- 
ularity. We finally wish to study the transformation behavior of the Dirichlet 
integral and the Laplace operator with respect to changes of the independent 
variables. We shall also need that transformation rule for our investigation 
of boundary regularity in the next chapter. 

Thus let 


€ — 2(€) 


be a diffeomorphism from 2’ to 2. We put 
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Ox” Ox 
a=1 og og 
d * + 
: agi agi 
a 
= » ae (8.4.7) 


d ok 
4 1 fori=j 
S ign) = 64; = : 
et : {6 for i # J, 
and 


(8.4.8) 


Ss 
II 
Qa 
oO 
ot 
— 
So 
= 
ee 
S 
& 
We 
Qa 


yoy 


d 2 d d : ; d 
Ou Ou O&' Ou OE) ;j Ou Ou 
(=) oe x OF? Ox O&) Ox oz g Og! 0&5 (8 9) 


ij=l 


The Dirichlet integral thus transforms via 


[X(B)« =f xe 1 pa vanl. (8.4.10) 


By (8.4.5), the Euler-Lagrange equation for the integral on the right-hand 
side is 


ae O a Ou 
ae (se (vaso 3) =0, (8.4.11) 


where we have added the normalization factor 1/,/g. This means that under 
our substitution « = x(€) of the independent variables, the Laplace equation, 
i.e., the Euler-Lagrange equation for the Dirichlet integral, is transformed 
into (8.4.11). 

Likewise, (8.4.5) is transformed into 


Ja (va ye 0) ee ae oe + Deeg) 


1,0,0=1 
a, ., 064 Ou > 
= y b* (a) One Bei ~ c(x)u = 0, (8.4.12) 


where x = x(€) has to be inserted, of course. 
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8.5 Abstract Hilbert Space Formulation of the 
Variational Problem. The Finite Element Method 


The present section presents an abstract version of the approach described in 
Section 8.3 together with a method for constructing an approximate solution. 

We again set out from from some model problem, the Poisson equation 
with homogeneous boundary data 


Au=f ing, 


8.5.1 
u=0 ond”. ( ) 


In Definition 8.3.2 we introduced a weak version of that problem, namely the 
problem of finding a solution u in the Hilbert space Hy’?(Q) of 


| Dude+ | fo=0 forall ye Hy*(2). (8.5.2) 
Q Q 


This problem can be generalized as an abstract Hilbert space problem that 
we now wish to describe: 


Definition 8.5.1: Let (H,(-,-)) be a Hilbert space with associated norm |\-|\, 
A: Hx H > R a continuous symmetric bilinear form. Here, continuity 
means that there exists a constant C such that for allu,v € H, 


A(u,v) <C]lull loll. 
Symmetry means that for all u,v € H, 
A(u,v) = A(v, wu). 


The form A is called elliptic, or coercive, if there exists a positive X such that 
for allu € H, 


A(v,v) > Alfol?. (8.5.3) 
In our example, H = Hy (2), and 
A(u,v) = ; Du: Dv. (8.5.4) 


Symmetry is obvious here, continuity follows from Hélder’s inequality, and 
ellipticity results from 


1 1 : 
5 | Du: Du= > | Dull 22) 


and the Poincaré inequality (Theorem 8.2.2), which implies for u € Hy’?(), 


ell z.2¢0) < const: [Dull p2¢e) 
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Moreover, for f € L?(), 


L: Hj?(2) oR, ve | fy, 
Q 


yields a continuous linear map on H,’?() (even on L?(Q)). 
Namely, 

Lv 

|| = sup 


< |IFil 
vZ£0 loll yw2.2(9) Bee) 


for by Holder’s inequality, 


7 fo <llflleacay lollzacay S UFllzecay llellws.2cay 


Of course, the purpose of Definition 8.5.1 is to isolate certain abstract 
assumptions that allow us to treat not only the Dirichlet integral, but also 
more general variational problems as considered in Section 8.4. However, 
we do need to impose certain restrictions, in particular for satisfying the 
ellipticity condition. We consider 


i ae 
A= [, Xu a’ (x) Diu(«)Djv(a) + c(x)u(a)o(a) > de, 


with u,v € H = Hy*(), where we assume: 
(A) Symmetry: 
a(x) =a!"(x) for all i,j, and a € Q. 


(B) Ellipticity: There exists \ > 0 with 
a Pie 
S> a (ax)E€; > AEP for all c € 2,6 € R*. 
ij=l 


(C) Boundedness: There exists A < oo with 
|c(x)|,|a"2| < A for all i,j, and xe Q. 
(D) Nonnegativity: 
c(a) >0 for alla € 22. 


The ellipticity condition (B) and the nonnegativity (D) imply that 


1 
A(v,v) > 3 [ Dv- Dv for all v € Hy?(Q), 
Q 
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and using the Poincaré inequality, we obtain 
» ; 1,2/¢). 
A(v,v) > gllullen2(a) for all v € Hy” (2); 


i.e., A is elliptic in the sense of Definition 8.5.1. The continuity of A of course 
follows from the boundedness condition (C), and the symmetry is condition 
(A). 


Theorem 8.5.1: Let (H,(-,-)) be a Hilbert space with norm ||-||, V Cc H 
conver and closed, A: H x H > R a continuous symmetric elliptic bilinear 
form, L: H + R a continuous linear map. Then 


J(v) := A(v,v) + Lv) 
has precisely one minimizer u in V. 


Remark: The solution u depends not only on A and FL, but also on V, for it 
solves the problem 


J(u) = inf J(v). 


Proof: By ellipticity of A, J is bounded from below; namely, 


F(v) > Aljoll? = Z| Mell = mel 
~ ~ Ar 
We put 
:= inf : 
ae de 


Now let (Un)nen C V be a minimizing sequence, i.e., 


lim J(un) =k. (8.5.5) 


noo 


We claim that (unz)nen is a Cauchy sequence, from which we then deduce, 
since V is closed, the existence of a limit 


u= lim up € V. 
noo 


The Cauchy property is verified as follows: By definition of «, 


i rit 1 1 1 
e<a(® a ) = 5n) + SF) ¥ A(t, — Un tin — tn) 


(Here, we have used that if u, and um are in V, so is 
convex.) 


ee because V is 
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Since J(up,) and J(um) by (8.4.5) for n,m — co both converge to Kk, we 
deduce that 


A(Un — Um; Un — Um) 


converges to 0 for n,m — oo. Ellipticity then implies that ||u,, — u,|| con- 
verges to 0 as well, and hence the Cauchy property. 

Since J is continuous, the limit wu satisfies 

J(u) = lim J = inf J 
eet OS eae) 

by the choice of the sequence (tn) nen- 

The preceding proof yields uniqueness of u, too. It is instructive, however, 
to see this once more as a consequence of the convexity of J: Thus, let wu, w2 
be two minimizers, i.e., 


J(u1) = J(u2) = « = inf J(v). 


vEV 
Since together with u; and ug, a is also contained in the convex set V, 
we have 
u1+u 1 1 1 
KSI = =) = 5 J(u) 57 (ua) qa Ug, U1 — U2) 
1 
=k qa U2, U1 — U2), 


and thus A(ui — ue, u1 — ua) = 0, which by ellipticity of A implies wu; = ue. 


Remark: Theorem 8.5.1 remains true without the symmetry assumption for 
A. This is the content of the Lax—Milgram theorem, proved in Appendix A. 


This remark allows us also to treat variational integrands that in addition 
to the symmetric terms 


d 
a a) (x)Di;Djv(x) (a = a") 


and c(x)u(#)v(a) also contain terms of the form yaaa b) (x) Dju(x)v(x) as 
in (8.4.1). Of course, we need to impose conditions on the function b/(x) so 
as to guarantee boundedness and nonnegativity (the latter requires bounds 
on |b?(x)| depending on \ and a lower bound for |c(a)|). We leave the details 
to the reader. 


Corollary 8.5.1: The other assumptions of the previous theorem remaining 
in force, now let V be a closed linear (hence convex) subspace of H. Then 
there exists precisely one u € V that solves 


2A(u,y) + L(y) =0 forallpeV. (8.5.6) 
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Proof: The point wu is a critical point (e.g., a minimum) of the functional 
J(v) = A(v,v) + L(v) 
in V precisely if 
2A(v,p) + L(y) =0 for all pe V. 


Namely, that u is a critical point means here that 


d 
qiet ty)\z-0 = 90 forallyeV. 


This, however, is equivalent to 


0= —(A(u ty, u+ ty) + L(ut ty))jz20 = 2A(u, v) + L(y). 


Conversely, if that holds, then 
I(u+ tp) = J(u) + t(2A(u, y) + L(y) + Alp, y) = J(u) 


for all y € V, and u thus is a minimizer. The existence and uniqueness of a 
minimizer established in the theorem thus yields the corollary. 


For our example A(v,v) = +f Du - Dv, L(v) = f fv with f € L?(2), 
Corollary 8.5.1 thus yields the existence of some u € Hy’?() satisfying 


| Du: De +f fe =9, (8.5.7) 
Q Q 


i.e, a weak solution of the Poisson equation in the sense of Definition 8.3.2. 
As explained above, the assumptions apply to more general variational 
problems, and we deduce the following result from Corollary 8.5.1: 


Corollary 8.5.2: Let 2c R®@ be open and bounded, and let the functions 
a (a) (t,7 = 1,...,d) and c(x) satisfy the above assumptions (A)-(D). Let 
f € L?(2). Then there exists a unique u € Ao) satisfying 


= iE f(a)y(a)dx for all p € Hy?(2). 


Thus, we obtain a weak solution of 


d 
= > (whe) eute)) + eleyute) = Fee 


i,j=l 
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with u = 0 on 092. Of course, so far, this equation does not yet make sense, 
since we do not know yet whether our weak solution wu is regular, i.e., of class 
C?(2). This issue, however, will be addresssed in the next chapter. 


We now want to compare the solution of our variational problem J(v) > 
min in H with the one obtained in the subspace V of H. 


Lemma 8.5.1: Let A: H x H > R be a continuous, symmetric, elliptic, 
bilinear form in the sense of Definition 8.5.1, and let L : H > R be linear 
and continuous. We consider once more the problem 


J(v) := A(v,v) + L(v) > min. (8.5.8) 


Let u be the solution in H, uy the solution in the closed linear subspace V. 
Then 


Iu —uvll < S inf luo (8.5.9) 
with the constants C and X from Definition 8.5.1. 
Proof: By Corollary 8.5.1, 


2A(u,y) + L(y) =0 forall ye HA, 
2A(uy,~) + L(py) =0 forallyeV, 


hence also 
2A(u—uy,y)=0 forallyeV. (8.5.10) 


For v € V, we thus obtain 


1 
lu — uy||? < yAtu —uy,u-— uy) by ellipticity of A 
1 1 
= xAlu uy,u—v)4 zAlu uy,u— uy) 
1 
= xAlu uy,u—v) from (8.5.10) with p=v—uy €V 
< Flu wy illu ol 
=X Vv ’ 


and since the inequality holds for arbitrary uv € V, (8.5.9) follows. 


This lemma is the basis for an important numerical method for the ap- 
proximative solution of variational problems. Since numerically only finite- 
dimensional problems can be solved, it is necessary to approximate infinite- 
dimensional problems by finite-dimensional ones. Thus, J(v) — min cannot 
be solved in an infinite-dimensional Hilbert space like H = Hj’?(Q), but one 
needs to replace H by some finite-dimensional subspace V of H that on the 
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one hand can easily be handled numerically and on the other hand possesses 
good approximation properties. These requirements are satisfied well by the 
finite element spaces. Here, the region 92 is subdivided into polyhedra that 
are as uniform as possible, e.g., triangles or squares in the 2-dimensional case 
(if the boundary of 2 is curved, of course, it can only be approximated by 
such a polyhedral subdivision). The finite elements then are simply piecewise 
polynomials of a given degree. This means that the restriction of such a finite 
element w onto each polyhedron occurring in the subdivision is a polyno- 
mial. In addition, one usually requires that across the boundaries between the 
polyhedra, w be continuous or even satisfy certain specified differentiability 
properties. The simplest such finite elements are piecewise linear functions 
on triangles, where the continuity requirement is satisfied by choosing the 
coefficients on neighboring triangles approximately. The theory of numeri- 
cal mathematics then derives several approximation theorems of the type 
sketched above. This is not particulary difficult and rather elementary, but 
somewhat lengthy and therefore not pursued here. We rather refer to the 
corresponding textbooks like Strang—Fix [20] or Braess [2]. 

The quality of the approximation of course depends not only on the de- 
gree of the polynomials, but also on the scale of the subdivision employed. 
Typically, it makes sense to work with a fixed polynomial degree, for ex- 
ample admitting only piecewise linear or quadratic elements, and make the 
subdivision finer and finer. 

As presented here, the method of finite elements depends on the fact 
that according to some abstract theorem, one is assured of the existence 
(and uniqueness) of a solution of the variational problem under investigation 
and that one can approximate that solution by elements of cleverly chosen 
subspaces. Even though that will not be necessary for the theoretical analysis 
of the method, for reasons of mathematical consistency it might be preferable 
to avoid the abstract existence result and to convert the finite-dimensional 
approximations into a constructive existence proof instead. This is what we 
now wish to do. 


Theorem 8.5.2: Let A: H x H +R be a continuous, symmetric, elliptic, 
bilinear form on the Hilbert space (H,(-,-)) with norm ||-||, and let L: H +R 
be linear and continuous. We consider the variational problem 


J(v) = A(v,v) + L(v) > min. 


Let (Vn)nen C H be an increasing (i.e., Vi C Vn+1 for all n) sequence of 
closed linear subspaces exhausting H in the sense that for all v € H and 
6 > 0, there existn € N and uv, € V, with 


|v — vpl| < 6. 
Let un be the solution of the problem 


J(v) > min in V,, 
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obtained in Theorem 8.5.1. Then (Un)nen converges for n + oo towards a 
solution of 


J(v) > min in H. 
Proof: Let 


a= inf J(v). 


We want to show that 


Jim JI(Un) = K. 


In that case, (Uy)nen will be a minimizing sequence for J in H, and thus it 
will converge to a minimizer of J in H by the proof of Theorem 8.5.1. We 
shall proceed by contradiction and thus assume that for some ¢ > 0 and all 
neN, 


J(Un) >K+e (8.5.11) 


(since V, C Vnii, we have J(tn+1) < J(un) for all n, by the way). 
By definition of «, there exists some ug € H with 


J(uo) <K+e/2. (8.5.12) 


For every 6 > 0, by assumption, there exist some n € N and some vy, € Vn 
with 


||uo — Un|| < 6. 
With w, := vp, — Up, we then have 


|J(un) — J(uo)| < |A(en, vn) — A(uo, uo)| + |Z(n) — L(uo)| 
< A(wn, Wn) + 2|A(wn, uo)| + || LEI] [!wrll 
SC |lwnl|? + 2C ||wnll |luol] + LI [wn 
<e/2 


for some appropriate choice of 6. 
Thus 


J(vn) < J(uo) +e/2 <K +e by (8.5.12) < J(un) by (8.5.11), 
contradicting the minimizing property of un. 


This contradiction shows that (un)nen indeed is a minimizing sequence, 
implying the convergence to a minimizer as already explained. 
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We thus have a constructive method for the (approximative) solution 
of our variational problem when we choose all the V, as suitable finite- 
dimensional subspaces of H. For each V,,, by Corollary 8.5.1 one needs to solve 
only a finite linear system, with dim V,, equations; namely, let e1,...,e4 bea 
basis of V,,. Then (8.5.6) is equivalent to the N linear equations for u, € Vn, 


2A(Un,e;) + L(e;)=0 for j=1,...,N. (8.5.13) 


Of course, the more general quadratic variational problems studied in Sec- 
tion 8.4 can also be covered by this method; we leave this as an exercise. 


8.6 Convex Variational Problems 


In the preceding sections, we have studied quadratic variational problems, and 
we provided an abstract Hilbert space interpretation of Dirichlet’s principle. 
In this section, we shall find out that what is essential is not the quadratic 
structure of the integrand, but rather the fact that the integrand satisfies 
suitable bounds. In addition, we need the key assumption of convexity of the 
integrand, and hence, as we shall see, also of the variational integral. 

For simplicity, we consider only variational integrals of the form 


I(u) = a f(a, Du(a))da, (8.6.1) 


where Du = (Dj,u,..., Dau) denotes the weak derivatives of u € H'?(Q), 
instead of admitting more general integrands of the type 


f(a, u(x), Du(a)). (8.6.2) 


The additional dependence on the function wu itself, instead of just on its 
derivatives, does not change the results significantly, but it makes the proofs 
technically more complicated. In Section 12.3 below, when we address the 
regularity of minimizers, we shall even drop the dependence on «x and consider 
only integrands of the form 


f(Du(2)), 


in order to make the proofs as transparent as possible while still preserving 
the essential features. 
The main result of this section then is the following theorem: 


Theorem 8.6.1: Let QC R®@ be open, and consider a function 
f:Q2xRIoR 


satisfying: 
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(i) f(-,v) is measurable for all v € R4 
(ti) f(ax,-) is convex for alla € 2. 
(iti) f(x, v) > —7(x)+K|v/? for almost all € Q, allv € R4, with y € L1(2), 
kK > 0. 


We let g € H'?(Q), and we consider the variational problem 


I(u) := | f(a, Du(x))dx > min 


among all u € H'?(Q) with u—g € Hj7(Q) (thus, g are boundary values 
prescribed in the Sobolev sense). 
Then I assumes its infimum; t.e., there exists such aug with 


I(uo) = inf I(u). 
u—g€ Hy (2) 


To simplify our further considerations, we first observe that it suffices to 
consider the case g = 0. Namely, otherwise, we consider, for w = u— g, 


f(x, w(2)) = f(x, w(@) + g(a). 


The function f satisfies the same structural assumptions that f does; this is 
clear for (i) and (ii), and for (iii), we observe that 


Fle w(e)) > —y(e) + wll) + o(a)P > aCe) + (Flea) — lal@P) 


and so f satisfies the analogue of (iii) with 
F(x) = y(x) + Klg(2)|? € L* 
and & := 5K. Thus, for the rest of this section we assume 
g=09. (8.6.3) 


In order to prepare the proof of the Theorem 8.6.1, we shall first derive 
some properties of the variational integral J. We point out that in the next 
two lemmas the function v takes its values in R%, i.e., is vector- instead of 
scalar-valued, but that will not influence our reasoning at all. 


Lemma 8.6.1: Suppose that f is as in Theorem 8.6.1, but with (ti) weakened 
to 
(ii’) f(x,+) is continuous for all x € Q, 


and supposing in (iit) only K € R, but not necessarily K > 0. 
Then 


J(v) = I f(a, v(a))da 


is a lower semicontinuous functional on L?(Q;R2). 
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Proof: We first observe that if v is in L?, it is measurable, and since f(z, v) is 
continuous with respect to v, f(#,v(a)) then is measurable by a basic result 
in Lebesgue integration theory.2 Now let (Un) nen converge to v in L?(Q;R*). 
By another basic result in Lebesgue integration theory,° after selection of 
a subsequence, (v,) also converges to v pointwise almost everywhere. (It is 
legitimate to select a subsequence here, because the subsequent arguments 
can be applied to any subsequence of (v,,).) By continuity of f, 
f(x, v(x)) — Klv(@)? = Tim (f(a, un(x)) — lun (2)|). 
noo 

Since f(x, vn(x)) — K|v(x)|? > —7(x), and ¥ is integrable, we may apply 
Fatou’s lemma’ to obtain 


noo 


| (f(x, v(z)) _ K|v(x)|?))dax < limint | ((f(@,tn(a)) _ [un (x)|?) dx, 
Q 2 


and since (vp) converges to v in L?, then also 


n—->co 


ot v(a)) de <timint | f(e,en(0))d 


Lemma 8.6.2: Let f be as in Theorem 8.6.1, without necessarily requiring 
kK in (it) to be positive. Then 


J(v) = | fw, v(@))de 
Q 


is conver on L?(Q;R®). 


Proof: Let vp, v1 € L?(Q,R*),0 < t < 1. We have 
J(tup + (1 — t)v1) = [ fe-tvol0) + (1 —t)v1(2)) 


< / (tf (a, vo(@)) +(1— Of (a,r(a))) by (i) 
= tJ(u) + (1—t)J (0). 


Thus, J is convex. 


Lemma 8.6.1 and Lemma 8.6.2 imply the following result: 


° See J. Jost, Postmodern Analysis, p. 214 [12]. 
® See Lemma A.1 or J. Jost, Postmodern Analysis, p. 240 [12]. 
” See J. Jost, Postmodern Analysis, p. 202 [12]. 
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Lemma 8.6.3: Let f be as in Theorem 8.6.1, still not necessarily requiring 
k >0. With our previous simplification g = 0 (8.6.3), the functional 


iu) = f #(e, Du(a))de 


: : : : 1.2 
is a conver and lower semicontinuous functional on Hy” (2). 


With Lemma 8.6.3, Theorem 8.6.1 is a consequence of the following abstract 
result: 


Theorem 8.6.2: Let H be a Hilbert space, with norm |\-||, 
I: H+ RU {oo} 


be bounded from below, not identically equal to +oo, convex and lower semi- 
continuous. Then, for every \>0, andu € H, 


I,(u) = inf (7) oe are ul) (8.6.4) 
yEH 
is realized by a unique uy ©€ H, 2.e., 
Iy(u) = I(ux) + Alju— ual’, (8.6.5) 
and if (u,),s0 remains bounded as \ \, 0, then 
uo := lim uy 
A>0 

exists and minimizes I, 1.e., 


I(uo) = inf I(u). 


Proof: We first verify the auxiliary statement about the uniqueness and ex- 
istence of uy. We let (Yyn)nen be a minimizing sequence for (8.6.4), i.e., 


(Yn) + d|le— yn |? > ing (I(y) + A|ju— vl). 
yeH 
For m,n € N, we put 


1 
Ym,n i= 5 (Ym + Yin)» 


We then have 


T(Ymn) + Xl = Ymanll” <5 (LYm) + Alla = Yl”) (8.6.6) 


1 
2 
+ 


1 ; 2 r 2 
5 (1yn) + Alla = yall?) =F lym — all 
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by the convexity of J and the general Hilbert space identity 


2 


: 1 
= 5 (Ile - yall? + lz — yall”) — 5 lla —yoll? (8.6.7) 


1 
v— 5 (M1 + ya) 


for any x, y1, y2 € H, which is easily derived from expressing the norm squares 
as scalar products and expanding these scalar products. 

Now, by definition of [,(u), the left-hand side of (8.6.6) has to be > Iy(u), 
whereas for k = m and n, I(yx) + A|lu— yxl|” converges to I,(u), by choice 
of the sequence (y;), for & + oo. This implies that 

IY — Ynll” +0 


for m,n — oo. Thus, (Yn)nen is a Cauchy sequence, and it converges to a 
unique limit uy. Since ||-||? is continuous, and I is lower semicontinuous, u) 
realizes the infimum in (8.6.4); i.e., (8.6.5) holds. 

If (w,) then remains bounded for A — 0, this minimizing property implies 
that 


lim I(ua) = inf 1(y). (8.6.8) 


Thus, for any sequence A, — 0, (wy,,) is a minimizing sequence for J. 
We now let 0 < Ay < Ag. From the definition of w),, 


I(uy,) oF Ay Iu ~~ Ura || 2 T(uy,) ote Ai Iu _ uy, |? ’ 
and so 
T(uyg) + Az [lu — tag ll? > T(wa,) + Az [lu — wai ll? 


+ (At = 2) ([ltu— twayll? = Ihe = wagll?) 


Since ua, minimizes I(y) + Az ||u — y||?, we conclude from this and Ay < Az 
that 


Ilu — wa, |? > lu — uygll?- 
This means that 
|Ju — wal]? 


is a decreasing function of A, or in other words, it increases as A \, 0. Since 
this expression is also bounded by assumption, it has to converge as A \, 0. In 
particular, for any ¢ > 0, we may find Ap > 0 such that for 0 < Ay, A2 < Ao, 


E 
Ju ua, |? [lu wrall?] <5. (3.6.9) 
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We put 


U12°= 5 (uy, + Uy) - 


If we assume, without loss of generality, [(u,,) > I(u,,), the convexity of I 
implies 


I(uz.2) = I(uy,)- (8.6.10) 
We then have 
T(ui,2) + Ar {lu — ural" 
1 1 1 
Tun) +1 (5 le woul + 5 huts? = Fl, — wal?) 
by (8.6.10) and (8.6.7) 


lua, wal”) by (8.6.9). 


e 1 
< Tuy) + (uta P+ 3 3 


Since uy, minimizes I(y) + Aq ||u— yl|?, we conclude that 
lua, — Ural” <E. 


So, we have shown the Cauchy property of wu, for A \, 0, and therefore, we 
obtain the existence of 


uo = lim uy. 
A—+0 
By (8.6.8) and the lower semicontinuity of I, we see that 


I(ug) = ae I(y). 


Thus, we have shown the existence of a minimizer of J. This concludes the 
proof of Theorem 8.6.2, as well as that of Theorem 8.6.1. 


While we shall see in Chapter 9 that the minimizers of the quadratic vari- 
ational problems studied in the preceding sections of this chapter are smooth, 
we have to wait until Chapter 12 until we can derive a regularity theorem for 
minimizers of a class of variational integrals that satisfy similar structural 
conditions as in Theorem 8.6.1. Let us anticipate here Theorem 12.3.1 below: 


Let f :R4 > R be of class C® and satisfy: 
(i) There exists a constant K < co with 
lz 


5 <Kl|v| fori=l,...,d (v=(v',...,v%) €R4). 
Ui 


(v) 
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(ii) There exist constants \ > 0, A < co with 


iO) 


OVjV; 


AE? < &:€; < Al€|? for all € € R*. 


ij=l 


Let QC R®@ be open and bounded. Let up € W'?(Q) minimize 
I(u) =| f(Du(a))dx 
Q 


among all u€ W!?(Q) with u— uo € Hy? (Q). Then 


up € C(2). 


In order to compare the assumptions of this result with those of Theo- 
rem 8.6.1, we first observe that (i) implies that there exist constants c and k 
with 


If(v)| <c+kvf?. 


Thus, in place of the lower bound in (iii) of Theorem 8.6.1, here we have an 
upper bound with the same asymptotic growth as |v| + co. Thus, altogether, 
we are considering integrands with quadratic growth. In fact, it is also possible 
to consider variational integrands that asymptotically grow like |v|?, with 
1 <p <oo. The existence of a minimizer follows with similar techniques as 
described here, by working in the Banach space Ho’?(Q) and exploiting a 
crucial geometric property of those particular Banach spaces, namely, that 
the unit ball is uniformly convex. The first steps of the regularity proof also 
do not change significantly, but higher regularity poses a problem for p # 2. 
The lower bound in assumption (ii) above should be compared with the 
convexity assumption in Theorem 8.6.1. For f € C?(R%), convexity means 


0 f(v) 
Ov'OvI 


Thus, in contrast to the assumption in the regularity theorem, we are not 
summing here with respect 7 and j, and so this is a stronger assumption. 
On the other hand, we are not requiring a positive lower bound as in the 
regularity theorem, but only nonnegativity. 

The existence of minimizers of variational problems is discussed in more 
detail in J. Jost-X. Li-Jost [14]. The minimizing scheme presented here is put 
in a broader context in J. Jost [11]. 


&€; 20 forall € = (4,...,€4)- 


Summary 


The Dirichlet principle consists in finding solutions of the Dirichlet problem 
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u=0 inf, 
u=g onds, 


by minimizing the Dirichlet integral 
| |Du(a)|?dx 
2 


among all functions u with boundary values g in the function space W1:?(2) 
(Sobolev space) (which turns out to be the appropriate space for this task). 
More generally, one may also treat the Poisson equation 


Au=f nf 


this way, namely, minimizing 


| |Du(ax)|? da + 2 | f(x)u(a) dx. 
Q Q 
A minimizer then satisfies the equation 


Du(x) De(x) dx = 0 
Q 

(respectively [, Du(x)Dey(x) dx + J f(x)y(«) dx = 0 for the Poisson equa- 
tion) for all y € C§°(2). If one manages to show that a minimizer u is regular 
(for example of class C?(2)), then this equation results from integrating the 
original differential equation (Laplace or Poisson equation, respectively ) by 
parts. However, since the Sobolev space W1?(2) is considerably larger than 
the space C?(2), we first need to show in the next chapter that a solution of 
this equation (called a “weak” differential equation) is indeed regular. 

The Dirichlet principle also works for a more general class of elliptic equa- 
tions, and it admits an abstract Hilbert space formulation. 


Exercises 
8.1 Show that the norm 
Hell = Well paca) + Dull rece) 


is equivalent to the norm |lul|y1,.2(q) (i-e., there are constants 0 < a < 
B < ow satisfying 


allull| < [lellya2cay < Bllul| for all we W'?(Q)). 


Why does one prefer the norm ||ul|yy1,2(q)? 
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8.2 What would be a natural definition of k-times weak differentiablity? (The 
answer will be given in the next chapter, but you might wish to try 
yourself at this point to define Sobolev spaces W*:?(Q) of k-times weakly 
differentiably functions that are contained in L?(Q) together with all 
their weak derivatives and to prove results analogous to Theorem 8.2.1 
and Corollary 8.2.1 for them.) 

8.3 Consider a variational problem of the type 


I(u) = I F(Du(a))dx 


with a smooth function F : R¢ -> Q satisfying an inequality of the form 
|F(p)| < clp|? + co for all p€ R*. 


Derive the corresponding Euler-Lagrange equations for a minimizer (in 
the weak sense; cf. (8.4.4)). Try more generally to find conditions for 
integrands of the type F(a, u(x), Du(x)) that allow one to derive weak 
Euler-Lagrange equations for minimizers. 

8.4 Following R. Courant, as a model problem for finite elements we consider 
the Poisson equation 


Au=f inf, 
u=0 ond 


in the unit square 2 = [0,1] x 
[0,1] C R*. Forh = & (ne 
N), we subdivide Q into (= 
2?”) subsquares of side length h, 
and each such square in turn is 
subdivided into two right-angled 
symmetric triangles by the di- 
agonal from the upper left to 
the lower right vertex (see Fig- 
ure 8.1). We thus obtain trian- 
pled AP, 4 = 1,...,2°?**, What 
is the number of interior vertices 
Figure 8.1. p; of this triangulation? 


We consider the space of continuous triangular finite elements 
S* = {ye O(N): yjan linear for all i, = 0 on AQ}. 
The triangular elements y; with 


25 (pi) = bi 
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constitute a basis of 9” (proof?). 
Compute 


aig = [pe - Dy; for all pairs 7, j 
2 


and establish the system of linear equations for the approximating solu- 
tion of the Poisson equation in S”, i.e., for the minimizer y” of 


[wor +2 [te 


for p € S$”, with respect to the above basis y; of S” (for that purpose, 
you have just computed the coefficients a;;!). 


9. Sobolev Spaces and L? Regularity Theory 


9.1 General Sobolev Spaces. Embedding Theorems of 
Sobolev, Morrey, and John—Nirenberg 


Definition 9.1.1: Let wu: 2 — R be integrable, a := (a,..., Qa), 


a\™ a \“4 
= fs ee eae |ox| 
Day = (<1) (=) yp forge c!*(2Q). 


An integrable function v : 2 —> R is called an ath weak derivative of u, in 
symbols v = Dau, if 


| ypu dx = (ule! f uDapd«e for ally € cll(9). (9.1.1) 
Q Q 


Fork EN, 1<p<o, we define the Sobolev space 


W*?(Q) := {u € L?(Q) : Dau exists and is contained in L”(Q) for 


all |a| < k}, 
1 
Ilull we. (a) = Ss? |Daul” 
ja|<n* ? 


The spaces H*:?(Q) and He? (Q) are defined to be the closures of C™({2) 
and C§°(22), respectively, with respect to II-Ilweecay: Occasionally, we shall 
employ the abbreviation II-ll, = II-Izecay: 


Concerning notation: The multi-index notation will be used in the present 
section only. Later on, for u€ W1?(), first weak derivatives will be denoted 
by D;u, i = 1,...,d, as in Definition 8.2.1, and we shall denote the vector 
(D,u,...,Dau) by Du. Likewise, for u € W??(Q), second weak derivatives 
will be written Dj;u, i,7 = 1,...,d, and the matrix of second weak derivatives 
will be denoted by D?u. 

As in Section 8.2, one proves the following lemma: 


Lemma 9.1.1: W*?(Q) = H*?(Q). The space W*:?(Q) is complete with 
respect to II-llweecays i.e., it is a Banach space. 
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We now state the Sobolev embedding theorem: 


Theorem 9.1.1: 


HE?(Q) C L™7(Q) — forp<d, 
C°%(2) for p> d. 


Moreover, for wu € Ae) ? 
|u| ae <e||Dull, for p <d, (9.1.2) 
sup|ul <c|Q|*~* -||Dull, for p>, (9.1.3) 
Q 


where the constant c depends on p and d only. 


In order to better understand the content of the Sobolev embedding the- 
orem, we first consider the scaling behavior of the expressions involved: Let 
f € H1?(R®) 9 L4(R¢). We look at the scaling y = Ax (with \ > 0) and 


Alv):= £ (2) = s@. 


Then, with y = Az, 


U Pavol) ar (/. IDF (a)? te)’ 


(note that on the left, the derivative is taken with respect to y, and on the 
right with respect to x; this explains the —p in the exponent) and 


(fusca) =a8 (fireoiras)” 


Thus in the limit A > 0, ||fy||,¢ is controlled by ||Dfy||,, if 
d d—p 
At <r? forvA <1 


holds, i.e., 


(We have implicitly assumed ||Df||,, > 0 here, but you will easily convince 
yourself that this is the essential case of the embedding theorem.) We treat 
only the limit A + 0 here, since only for \ < 1 (for f € Hy’?(R7)) do we have 
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supp f, C supp f, 


and the Sobolev embedding theorem covers only the case where the functions 
have their support contained in a fixed bounded set 2. Looking at the scaling 
properties for 4 — oo, one observes that this assumption on the support is 
necessary for the theorem. The scaling properties for p > d will be examined 
after Corollary 9.1.5. 


Proof of Theorem 9.1.1: We shall first prove the inequalities (9.1.2) and 
(9.1.3) for wu € Cd(2). We put u = 0 on R@ \ 2 again. As in the proof 
of Theorem 8.2.2, 


a 


ju(o)| < | |Dyu(a1,..., 0° 1,€,a°71,...,2%)| dé with « = (21,...,2%) 


for 1 <i <d, and hence 


d oo 
lu(x)(?< TI] / |Diul dx! 
i=1"—&% 


and 


_i_ 
d—1 


d oo 
lu(x)|* < 1 / Du a’) 
$14 09. 
It follows that 


1 a 
lo) loo) qo lore) lore) ; qa 
/ |u(ar)| 2 da! < (/ [Pru do (IL / ; Deu) ded ; 


if? — 
where we have used (A.6) for py = --- = pg_1 = d—1. Iteratively, we obtain 
1 
d—1 


lu(a)|*=7 da < Il \Diulde} 
2 ya V2 


and hence 


1 
d a d 
1 
I|ul|_2 < (IL /, oe) < jf So lDeulae 
=i i=1 


since the geometric mean is not larger than the arithmetic one, and conse- 
quently 


1 
lull 2 SG llDull. (9.1.4) 
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which is (9.1.2) for p = 1. 

Applying (9.1.4) to jul” (y > 1) (|u|? is not necessarily contained in 
Co (2), even if u is, but as will be explained at the end of the present proof, 
by an approximation argument, if shown for Cj (2), (9.1.4) continues to hold 
for Hj’, and we shall choose y such that for u € Ho’?(Q), we have |u|? € 
Hy’'(2)), we obtain 


= = 1 1 
lllu7 |e < 5 f ter *|Dul dx < : I ur" ‘|, -||Dull, for ear 
(9.1.5) 


(d-1)p 
d 


applying Holder’s inequality (A.4). For p< d, y= satisfies 


ya _ ty 1p 


d—1 p-1’ 


and (9.1.5) yields, taking g = re into account, 


y -1 
lula Ss llul[ ya - ||Dull,, 
d—-1 d—-1 


: 
lll a <3 Dall, 


which is (9.1.2). In order to establish (9.1.3), we need the following general- 
ization of Lemma 8.2.4: 


Lemma 9.1.2: For y € (0,1), f € L'(Q) let 


(Vif)(e) = | fe ul Paddy. 


Let l<p<q<o, 


Then V,, maps L?({2) continuously to L9(Q2), and for f € L”(2), we have 


t=O) ae 2 
Wf, < (223) ai eri. (9.1.6) 


Proof: Let 
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Then 
ea —y):= |e—y|*™"? € L(0), 


and as in the proof of Lemma 8.2.4, we choose R such that |Q| = |B(a, R)| = 
wR, and we estimate as follows: 


1—6 
d(u-1) 
Il, = ( fie-u"s iy) 
2 
1—6 
d(u—1) 
< | ao ae 
B(a,R) 
6 


We write 
elf] = eV) (er FP) | FPP, 


and the generalized Holder inequality (A.6) yields 


Vif (a)| 


< (fetes av)’ (Ge (fire) 


hence, integrating with respect to x and interchanging the integrations in the 
first integral, we obtain 


: r eS ae aes 
INafll, soup ( f e@-vdav)” Wf, s(Z=5) wor" ily 


by the above estimate for ||]... 


In order to complete the proof of Theorem 9.1.1, we use (8.2.4), assuming 
first u € C§(Q) as before, i.e., 


_1, fe, 
u(x) = » + Dyu(y)dy (9.1.7) 


jul < sVu(IDD. (9.1.8) 
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Inequality (9.1.6) for gq = co, w = 1/d then yields (9.1.3), again at this 
moment for u € C§(2) only. 

If now u € Ao), we approximate w in the W!?-norm by C§° functions 
Un, and apply (9.1.2) and (9.1.3) to the difference u, — Um. It follows that 
(un) is a Cauchy sequence in L4/(4—P)(Q) (for p < d) or C°(2) (for p> d), 
respectively. Thus wu itself is contained in the same space and satisfies (9.1.2) 
or (9.1.3), respectively 


Corollary 9.1.1: 


La (2) for kp < d, 


A (Qe 
0° (2) eae for0<m<k-—§. 


Proof: The first embedding iteratively follows from Theorem 9.1.1, and the 
second one then from the first and the case p > d in Theorem 9.1.1. 


Corollary 9.1.2: [fu € He? (2) for some p and all k € N, then u € 
C™(2). 


The embedding theorems to follow will be used in Chapter 12 only. First 
we shall present another variant of the Sobolev embedding theorem. For a 
function v € L'(Q), we define the mean of v on 2 as 


f reyae = aw freien, 


|(2| denoting the Lebesgue measure of 2. We then have the following result: 
Corollary 9.1.3: Let 1 < p<d andu€ H'?(B(ao, R)). Then 


tt z 
dp 
f bales <a (Rf Du}? +f wl?) , (9.1.9) 
B(2xo,R) B(xo,R) B(axo,R) 


where co depends on p and q only. 


Proof: Without loss of generality, rz» = 0. Likewise, we may assume R = 
1, since we may consider the functions i(a) = u(Ra) and check that the 
expressions in (9.1.9) scale in the right way. Thus, let u € H'?(B(0,1)). We 
extend u to the ball B(0,2), by putting 


u(x) =u ie for |x| > 1. 
Iz 


This extension satisfies 


Ill x71.0(8(0,2)) sc Ill z71.(8(0,1)) : (9.1.10) 
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Now let 7 € C§°(B(0, 2)) with 
n>0, n=1o0n B01), |Dn| <2. 


Then v = nu € Hy’?(B(0,2)), and by (9.1.2), 
d-p 1 
ap dp P 
| |v] 7? <c | [Du]? )_. (9.1.11) 
B(0,2) B(0,2) 


Dv =7nDu+ uDn, 


Since 


from the properties of 7, we deduce 
|Dv|? < e3 (|Dul? + |ul”), (9.1.12) 
and hence with (9.1.10), 


| |Dv|? < e4 i: Du} +f Jul? } . (9.1.13) 
B(0,2) B(0,1) B(0,1) 


Since on the other hand 


pee _dp_ 
7 jul < : lola , 
B(0,1) B(0,2) 


(9.1.9) follows from (9.1.11) and (9.1.13). 


Later on (in Section 12.1), we shall need the following result of John and 
Nirenberg: 
Theorem 9.1.2: Let B(yo,Ro) be a ball in R¢, u € W!+(B(yo, Ro)), and 
suppose that for all balls B(y, R) Cc R¢, 


| |Du| < RE}, (9.1.14) 
B(y,R)MB(yo,Ro) 


Then there exist a > 0 and fo < co satisfying 


| etlu—uol < By Re (9.1.15) 
B(yo,Ro) 


with 
1 


U0 == 
wah? 


i u (mean of u on B(yo, Ro)). 
B(yo,Ro) 


In particular, 


| em | eo = eis) J oe o(u—uo) = pene 
B(yo,Ro) B(yo,Ro) B(yo,Ro) B(yo,Ro) 


(9.1.16) 
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More generally, for a measurable set B C R¢, and u € L'(B), we denote 
the mean by 


UB I= y)dy, (9.1.17) 
Ta 


|B| being the Lebesgue measure of B. In order to prepare the proof of The- 
orem 9.1.2, we start with a lemma: 


Lemma 9.1.3: Let Q C R®% be conver, B C 2 measurable with |B| > 0, 
u€ W!1(Q). Then we have for almost all x € Q, 


|u(a) — up| < sane [ie 2|!~4 |Du(z)| dz. (9.1.18) 


Proof: As before, it suffices to prove the inequality for u € C!(Q). Since Q 
is convex, if x and y are contained in 92, so is the straight line joining them, 


and we have 
lze—yl 9 y—x 
u(a) — u(y) = — ulaet+r dr, 
()—uan=— fo ge (24 rp) 


1 
u(a) up = Ty [ (u(x) — u(y))dy 


|z—y| 2 v=) 
= tr dr dy. 
“wild =u (= ly— 2 


|a—y| 
: = ef ” | ° u(x + rw)dr dus} , 


|B| 
a+trweEQ 


and thus 


This implies 


lu(a) — up| < (9.1.19) 


if instead of over B, we integrate over the ball B(x, diam 2)) M 2, write 
dy = 0¢~'dwdo in polar coordinates, and integrate with respect to 9. Thus, 
as in the proofs of Theorems 1.2.1 and 8.2.2, 


|e—y| 
1 (diam 2)¢ 1 Ou 
< feces 
ju(x) — ual < pe [| meme 
0 AB(a,r)NQ 
7 _ Y 


ieee 
= d 
|B ab Rut ae . 


(diam 2)4 
< TB] i y= |Du(z)| dz. 
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We shall also need the following variant of Lemma 9.1.2: 


Lemma 9.1.4: Let f € L'(9Q2), and suppose that for all balls B(ao, R) C R4, 
| [fl < KRIG-») (9.1.20) 
QNB(2xo,R) 


with some fixed K. Moreover, let p>1, 1/p <p. Then 


p-l 
up —1 


(w.ty(a) = f be ul" sendy). 


\(Vif)(x)| < (diam 2)4¢- WK (9.1.21) 


Proof: We put f = 0 in the exterior of 2. With r = |a — y|, then 


IVF (a)| < | HOD IF) dy 


diam (2 
=| ama) | f (z)| dzdr 
0 OB(a,r) 


diam (2 al 1) ra) 
— pon =| dy | dr 
| ( doe ' 


= (diam @)4-D | IF(y)| ay 


B(a,diam (2) 


diam {2 
taa—p) ftv fg) dyad 
0 B(x,r) 
< K (diam CP) eis a coms 2 


diam (2 
+ Kd(1— n) | pte—-1)—-1+d(1—-1/P) dr by (9.1.20) 
0 


me 
P (diam 2)44—1/?), 
Mp 


=K 


Proof of Theorem 9.1.2: Because of (9.1.14), f = |Du| satisfies the inequality 
(9.1.20) with kK = 1 and p=d. Thus, by Lemma 9.1.4, for pw > 1/d, 

d—-1 
ped — 1 


Viu(f)(2) = | nyt wildy < (2Rp)#4-!, (9.1.22) 
Yo,4to 


In particular, for s > 1 and w=4+4 


(9.1.23) 
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By Lemma 9.1.2, we also have, for s > 1, w= 1/ds, p=q=1, 


== 
ds 


Vi (f) < dswy /™ |B(yo, Ro)|® If lliscaco.r 
i aa (B(yo,Ro)) (9.1.24) 


1 
< dswaR§ ne 
by (9.1.20), which, as noted, holds for kK = 1 and p = d. Now 


dgs—1)5 


pyle) 0-4) 


jz—yl" = [2-9 (9.1.25) 


and from Holder’s inequality then 
41 _4)1 
vA) =f (le- vl? iF) 
1 1 
<Va(f)*Vaza(f)*. (9.1.26) 


With (9.1.23) and (9.1.24), this implies 


s-1 


1 
1+5 (d = 1)*-15°-!(2Rp) : 


| VWi(f)r< dswaR, 
B(yo,Ro) 


< 2d(d — 1)*"1s*waR4 


d s 
= 25— wa((d- 1)s) Re 
Thus 
SS Vi(f)" 2d Sf d-1\" 
Sousy Sy rat TLS) Se 
B(yo,Ro) sag Y d—1 oy. n! 
1 1 
< cRé, if -, 
e 
i.e., 
V 
i exp (A) < eR? (9.1.27) 
B(yo,Ro) 7 
Now by Lemma 9.1.3 
|u(x) — uo] < const Va (|Dul), (9.1.28) 


and since we have proved (9.1.27) for f = |Dul, (9.1.15) follows. 


Before concluding the present section, we would like to derive some further 
applications of the preceding lemmas, including the following version of the 
Poincaré inequality: 
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Corollary 9.1.4: Let Q C R® be convex, and u € W'?(2). We then have 
for every measurable BC Q with |B| > 0, 
1 


(| ju ual?) < “4__|Q|4 (diam 2)4 (| Du)". (9.1.29) 
2 |B| Q 


Proof: By Lemma 9.1.3, 


and by Lemma 9.1.2, then, 


13 1 
M512 cay Sea 7 Dallzecay: 


LP(Q 


and these two inequalities imply the claim. 


The next result is due to C.B. Morrey: 


Theorem 9.1.3: Assume u € W11(Q), QC R¢, and that there exist con- 
stants K <0o,0<a<1, such that for all balls B(ao, R) C R4, 


| \Du| < RRA, (9.1.30) 
QNB(ao,R) 


Then we have for every ball B(z,r) Cc R¢, 


osc Ui= sup |u(a) — u(y)| < ck r®, (9.1.31) 
QNB(z,r) x,yEB(z,r)NQ 


with c= c(d,a). 


Proof: We have 


OSC 
QNB(z,r) cE B(z,r)NQ 


a | le — y|*~4 |Du(y)| dy 
B(z,r) 


by Lemma 9.1.3, where c; depends on d only, and 
where we simply put Du = 0 on R?\ Q. 


= V3 (\Du)| (2) 


Uu<2 sup | u(r) = UB(z,r)| 


with the notation of Lemma 9.1.4. With 


and 
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f = |Du| then satisfies the assumptions of Lemma 9.1.4, and the preceding 
estimate together with Lemma 9.1.4 (applied to B(z,r) in place of 2) then 
yields 


osc us c2K (diam B(z,r))'~> =chr™. 
QNB(z,r) 


Definition 9.1.2: A function u defined on 2 is called a-Hoélder continuous 
in Q, for someO<a<1, if for allz € Q, 


BB) 26: (9.1.32) 


|u(x) — uly)| 
Ilelloa(ay = Wullcoca) + sup 
C#(Q) C°(Q) boc |x _ y|@ 
(For a =1, a function satisfying (9.1.82) is called Lipschitz continuous, and 
the corresponding space is denoted by C°(Q).) 


If u satisfies the assumptions of Theorem 9.1.3, it thus turns out to be 
a-Hélder continuous on §2; this follows by putting r = dist(z,02) in Theo- 
rem 9.1.3. The notion of Holder continuity will play a crucial role in Chap- 
ters 11 and 12. 

Theorem 9.1.3 now implies the following refinement, due to Morrey, of 
the Sobolev embedding theorem in the case p > d: 


Corollary 9.1.5: Let u€ Hy?(Q) with p> d. Then 
ue Cl7(9). 
More precisely, for every ball B(z,r) C R¢, 


j-2 
ia Ser? ||Dullrocay » (9.1.33) 
where c depends on d and p only. 

Once more, it helps in understanding the content of this embedding the- 
orem if we take a look at the scaling properties of the norms involved: Let 
f ¢ H'”(R2)NC°(R?) with 0 < a < 1. We again consider the scaling y = Ax 
(A > 0) and put 


fay) = fA®). 
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Then 


lfx(ur) = fava) _ ye lF (21) — f(x2)| Gee ha fi 
ly. — yel? 


|z1 — x|* 
and thus 


I[falloe =A“ IIfllce s 


and as has been computed above, 
dp 
fallqae =A? [Ff llazae - 
In the limit A —- 0, thus || f||Ga is controlled by ||Dfy||p, provided that 


wee efor dr <1, 


d 
a<1—-— _ inthe case p> d. 
Pp 


Proof of Corollary 9.1.5: By Holder’s inequality 


1 


| |Dul < |B(xo, R)|'-* (/ ot (9.1.34) 
QNB(x0,R) QNB(xo,R) 
S63 |Dull p»cay RAs) (9.1.35) 


d 
= C3 | Dull pea) Re14(1-5), (9.1.36) 


where c3 depends on p and d only. Consequently, the assumptions of Theo- 
rem 9.1.3 hold. 


The following version of Theorem 9.1.3 is called “Morrey’s Dirichlet growth 
theorem” and is frequently used for showing the regularity of minimizers of 
variational problems: 


Corollary 9.1.6: Let u€ W1?(Q), and suppose there exist constants K' < 
oo, 0< a <1 such that for all balls B(x, R) C R4, 


| Dal =< Ree (9.1.37) 
QNB(ao,R) 


Then u € C%(Q), and for all balls B(z,r), 


< e(K’)?r% xe 
soe = yar, (9.1.38) 


with c depending only on d and a. 
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Proof: By Holder’s inequality 


} [Du < |B(x0, B)|? | \Dul? 
QNB(xo,R) QNB(axo,R) 


ES ca(K’) 5 Ra-ita 


tlhe 


by (9.1.37), with c,, depending on d only. Thus, the assumptions of Theo- 
rem 9.1.3 hold again. 


Finally, later on (in Section 12.3), we shall use the following result of 
Campanato characterizing Holder continuity in terms of L?-approximability 
by means on balls: 


Theorem 9.1.4: Let p>1, d< \<d+p, and let Q C R®@ be a bounded 
domain for which there exists some 6 > 0 with 


|B(ao,r)N Q| > 6r¢ for all xp € Q,r > 0. (9.1.39) 


Then a function wu € L?(Q) is contained in C°(2Q) for a = ad (or in 
C°1(Q) in the case X = d+ p), precisely if there exists a constant K < oo 
with 


| | u(x) - UB(eo,r)|- dx < Kr for allay € Q,r>0 (9.1.40) 
B(xo,r)NQ 


(where for defining UB(a,r), we have extended u by 0 on IR? \ 02). 
Proof: Let wu € C%(2), « € 2 B(ao,7r). We then have 

| u(x) _ UB(2o,R)| < (2r)* lull ca(9) , 
and hence 


i |u _ UB(2o,r)| S65 lull ca (a) pore 
B(x9,R)NQ 


whereby (9.1.40) is satisfied. 
In order to prove the converse implication, we start with the following 
estimate for 0 <r < R: 


|uB(@o.R) — UB(eo.r)|) < 2?* (ula) — UB(eo,ny|” + u(e) — UB(eo,r)|") 5 


and thus, integrating with respect to x on 2M B(xo,1r) and using (9.1.39), 


| 5 (a9,R) — UB(xo,r) |’ 


a | an r+ uu P 
= “on? B(xo,r)NQ eae B(x9,r)NQ ee , 
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This implies 


Re 
| UB (e0,R) _ UB(a0,r) | < cok a (9.1.41) 
TP 


We put R; = # and obtain from (9.1.41) 


jd-d _A-a 
| (9,R,) > WE ie Rei) < c7K2 Pp Re, (9.1.42) 
For i < j, this implies 
Axa 
|wB(wo,R:) = UB(x0,R;)| <cgkR,” . (9.1.43) 


Thus (6B(20,R))) sen constitutes a Cauchy sequence. Since (9.1.41) with r; = 
37 also implies 


R\? Ad 
< ook (4) r,” +0 for i— oo 
r 


|uB(eo.R:) — UB(xo,ri) 


because of A > d, the limit of this Cauchy sequence does not depend on R. 
Since by Lemma A.4, ugyq,,) converges in L' for r + 0 towards u(x), in the 
limit 7 > oo, we obtain from (9.1.43) 


A-d 
|uB(xo,R) — U(to)| SeaKR'? . (9.1.44) 


Thus, Up(2),R) Converges not only in L*, but also uniformly towards u as 
R- 0. Since for R > 0, ug(e,r) is continuous with respect x, then so is wu. 

It remains to show that u is a-Holder continuous. For that purpose, let 
x,y € 2, R:= |x —y|. Then 


|u(x) ~~ u(y)| < |B («,2R) _ u(2)| at |B (,2R) = UBy,2R)| 
+ |u(y) — Ua(y,2R)| - (9.1.45) 


|B (,2R) = UB(y,2R)| < |uB(a,2R) u(z)| |u(z) UB(y,2R)| > 


and integrating with respect to z on B(#,2R)N B(y,2R) 9 2, we obtain 


|uB@,2R) a UB(y.2R)| 
1 
< (/ u(2) ~ upceam| dz 
Bw. 2A) ABY.2R)A A \Iawomme) (c2)| 


+f |u(z) UB(y,2R)| dz) 
B(y,2R)NQ 


Ra t4 


P 


cg 
< 
= |B(a,2R) Nn Bly, 2B) A 
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by applying Holder’s inequality. Because of R = |x — y|, 
B(x, R) Cc Bly, 2R), 
and so by (9.1.39), 
|B(x,2R)M B(y,2R)N Q| > |B(a«, R)N Q| > 6R*. 

We conclude that 

|ua(2,2n) — Unyor|<cioKR >. (9.1.46) 
Using (9.1.44) and (9.1.46), we obtain 

u(x) —uly)|<enK |a-yl? , (9.1.47) 


which is Holder continuity with exponent a = a 


Later on (in Section 12.3), we shall use the following local version of 
Campanato’s theorem: 


Corollary 9.1.7: If for allO<r< Ro and all x € 2, we have 


[ |e = UB(eo,n)| sor 
B(xo,r) 


with constants y and0 <a <1, then wu ts locally a-Holder continuous in 20 
(this means that u is a-Holder continuous in any 21 CC Qo). 


d+pa 


References for this section are Gilbarg—Trudinger [9] and Giaquinta [7]. 


9.2 L?-Regularity Theory: Interior Regularity of 
Weak Solutions of the Poisson Equation 


For u: (2 + R, we define the difference quotient 


u(a + he;) — u(x) 


Ay = 
7 u(z) h 


(h #0), 


e; being the ith unit vector of R¢ (i € {1,...,d}). 


Lemma 9.2.1: Assume u € Wt?(2),2' CC Q,|h| < dist(2’,02). Then 
Abu € L?(Q') and 


Areal recon S Ditllzecay) (= 1,---, 4). (9.2.1) 
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Proof: By an approximation argument, it again suffices to consider the case 
u € C1(2)N Wt?(2). Then 


u(a + he;) — u(x) 


rN = 
a u(x) h 
Lg =a 
=| | Deile2..,0° 8 + e202 de, 
0 
and with Holder’s inequality 


| 2 1 


h 
| A? u(x) <;/ |Dyu(a1,...,0; +€,...,2a)|" dé, 
0 


and thus 
h 2 i 7° 2 2 
| A; u(2)| dx < — |Dyu|~ dad& = | |Djyul” da. 
QQ! h 0 2 2 


Conversely, we have the following result: 


Lemma 9.2.2: Let u € L?(92), and suppose there exists K < oo with Abu € 
L?(Q') and 


|APull can SK (9.2.2) 


for allh > 0 and 2! CC Q with h < dist(Q’,A0Q). Then the weak derivative 


Dju exists and satisfies 


Proof: For y € Cj(2) and 0 < h < dist(supp y, 02) (supp vy is the closure 
of {a € 2: p(x) # OF), we have 


Abuy = -{ uA; > -{ uD, 
Q 2 Q 


as h + 0. Thus, we also have 


ie wDis| < K |l¢llpacay- 


Since Cj (2) is dense in L*(2), we may thus extend 


po | udie 
2 
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to a bounded linear functional on L?(Q). According to the Riesz represen- 
tation theorem as quoted in Appendix 12.3, there then exists v € L?(Q) 
with 


| ypu= -| uDiy for all y € C9(2). 
Q Q 


Since this is precisely the equation defining D;u, we must have v = Dju. 


Theorem 9.2.1: Let u€¢ W!?(Q) be a weak solution of Au = f with f € 
L?(2). For any Q' Cc Q, then u € W2?7(Q"'), and 


Illl w2.2¢0") < const (llell acy + I fll2cay) , (9.2.4) 


where the constant depends only on 6 := dist(.Q’,02). Furthermore, Au = f 
almost everywhere in 92. 


The content of Theorem 9.2.1 is twofold: First, there is a regularity result 
saying that a weak solution of the Poisson equation is of class W?? in the 
interior, and second, we have an estimate for the W??-norm. The proof will 
yield both results at the same time. If the regularity result happens to be 
known already, the estimate becomes much easier. That easier demonstration 
of the estimate nevertheless contains the essential idea of the proof, and so 
we present it first. To start with, we shall prove a lemma. The proof of that 
lemma is typical for regularity arguments for weak solutions, and several of 
the subsequent estimates will turn out to be variants of that proof. We thus 
recommend that the reader study the following estimate very carefully. 

Our starting point is the relation 


7 Du-Dv=— | fv for all v € Hy?(2). (9.2.5) 
2 2 


(Here, Du is the vector (Dyu,...,Dau).) 

We need some technical preparation: We construct some 7 € C4(Q) with 
0< <1, n(x) = 1 for x € 2 and |Dn| < 3. Such an 7 can be obtained 
by mollification, i-e., by convolution with a smooth kernel as described in 
Lemma A.2 in the Appendix, from the following function 7: 


1 for dist(a, 2’) < 
no(a) = <0 for Shh 2)> 8, 
t— 4 dist(x,Q’) for & < dist(x,') < a 


Thus 7 is a (piecewise) linear function of dist(#, 2’) interpolating between 
§2', where it takes the value 1, and the complement of 2, where it is 0. This 
is also the purpose of the cutoff function 7. If one abandons the requirement 
of continuous differentiability (which is not essential anyway), one may put 
more simply 
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1 for 2 € 2, 
n(n) = <0 for dist(x, 2’) > 6, 
1— i dist(x,2') for 0 < dist(x, 2) < 6 


(note that dist(2’,OQ) > 6). It is not difficult to verify that n € Hy7(), 
which suffices for the sequel. In (9.2.5), we now use the test function 


v=nu 
with 7 of the type just presented. This yields 


) n? |Dul? + 2 | 7nDu-uDn = -{ n’ fu, (9.2.6) 
Q Q Q 


and with the so-called Young inequality 


1 
+ab < = +50 fora,beR,e>0 (9.2.7) 


c 


used with a = |Du|, b = u|Dn|, ¢ = 4 in the second integral, and with 


a=nf, b= nu, ¢ = 6? in the integral on the right-hand side, we obtain 


1 1 §2 
[ rlpuP >| Du}? +2 f DP + se | muss | ie 
Q 2 Ja Q 267 Jo 2 Ja 
(9.2.8) 


We recall that 0< 7 <1, 7 =1 on 2’ to see that this yields 


16 1 
| |Dul? < n? |Dul|” < (3: + z) | w+é? | ff. 
Q Q 2 Q 


We record this inequality in the following lemma: 


Lemma 9.2.3: Let u be a weak solution of Au = f with f € L?(Q). We 
then have for any Q! Cc Q, 


17 
| Dulliscay S 5 llulliaay +P I flaca): (9.2.9) 


where 6 := dist(2’,022). 


So far, we have not used that we are temporarily assuming u € W?:?(’) 
for any 2’ CC 2. Now, however, we come to the estimate of the W?:?-norm, 
so we shall need that assumption. Let u € W??(.2’) 1 W1?(Q) again satisfy 


Du-Dv=— | fv for allv € Hy7(2). (9.2.10) 
Q Q 


If suppv Cc 2 (ie., v € Hy? (Q") for some 2” CC 2’), we may, assuming 
u € W??(’), integrate by parts in (9.2.10) to obtain 
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[x rvme= ftw 


i=l 


(9.2.11) 


This in particular holds for all v € C§°(.Q2’), and since C§°(2’) is dense in 
L?('), (9.2.11) then also holds for v € L?(’), where we have put v = 0 in 


Q\ LY. 


We consider the matrix D?u of the second weak derivatives of u and 


obtain 


d 
D? t= | D;D;u- D;,D; 
I, | 4 (2? Py i a 
d d 
= Day DD: 
(ee u 2 jlgu 


+ boundary terms that we neglect for the moment (later on, 
they will be converted into interior terms with the help of 


cutoff functions), 


by an integration by parts that will even require the as- 


sumption u € W*:?(Q') 


(9.2.13) 


=| f>\D,Dyu 
Q j=1 
4 , 
<( | f) ( | [D*ul) by Hélder’s inequality, (9.2.12) 
QQ! QQ! 
and hence 
2, |2 2 
[ipers fv, 
2’ 2 
i.e., 


2 2 
|B? ull poco < lf llz2¢a) : 
Taken together (9.2.9) and (9.2.14) yield 


2 2 2 
Ill w22¢ary S (e109) + 1) leullz2cay + 2 MF llz2 cay « 
We now come to the actual Proof of Theorem 9.2.1: Let 


ceo ce, -dsiia".0Q) > i dist (2', 02”) > 


— At 


We again use 


[ pu-pe=- | fv forall v € Hy?(Q). 
2 2 


| 


(9.2.14) 


(9.2.15) 


(9.2.16) 
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In the sequel, we consider v with 
suppv Cc 2” 
and choose h > 0 with 
2h < dist(supp v, 0.2”). 


In (9.2.16), we may then also insert A’v (i € {1,...,d}) in place of v. We 
obtain 


DA?u- Dv = A’(Du)- Du = — Du- A’ Dv 
Q" Q” QQ” 


=-—| Du-D(A?v) (9.2.17) 
Qu 


~ I, faze = If ll2¢) . Dull r2(a") 


by Lemma 9.2.1 and the choice of h. As described above, let n € C4(2"), 
0<7 <1, n(x) =1 for « € 2’, |Dn| < 8/6. We put 


vi= 1 Aru. 


From (9.2.17), we obtain 


/ Inpatul? = [ Datu: Dv -2 | nDAju- AfuDny 
qu Qu . 


<I fllz2¢ay ||P (1? A?u) ll eacay 
+2 |[nDAPal| 2 (qu) ||A?uDal|,2 


(2”) (2”) ‘ 


With Young’s inequality (9.2.7) and employing Lemma 9.2.1 (recall the choice 
of h), we hence obtain 


1 
IpDAP al accom S 2M Fcc + 5 lnDA?al| ac 


1 
+ 5 ||nDA?all; oc + 88up|Dnl? Ditlliacary - 


2”) 
The essential point in employing Young’s inequality here is that the expres- 
sion |pDAP ul aan 
than on the left-hand side, and so the contribution on the right-hand side can 
be absorbed in the left-hand side. Because of 7 = 1 on ! and (a2+b?)2 < a+b 
with Lemma 9.2.2, as h — oo, we obtain 


occurs on the right-hand side with a smaller coefficient 


1 
Pearle < const Giz + 5 [Dulac] ; (9.2.18) 
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Lemma 9.2.3 (with 92” in place of 2’) now implies 


1 
Dull pecan) S (5 ltllza¢ay +4 Isley) (9.2.19) 


with some constant c;. Inequality (9.2.4) then follows from (9.2.18) and 
(9.2.19). 

If f happens to be even of class W!:?(Q), in (9.2.5) we may insert D;v in 
place of v to obtain 


i D(Dyu):Dv=— |] Dif -v. 
Q Q 
Theorem 9.2.1 then implies Dju € W??(Q'), i.e, u € W*?(2’). In this 
manner, we iteratively obtain the following theorem: 
Theorem 9.2.2: Let u € W17(Q) be a weak solution of Au = f, f € 
W*?(Q). For any Q' CC 2 then u € W*+?:2(Q'), and 
lulyes22¢er) S const (ell :2¢0) + llFllwe2ca) + 
where the constant depends on d, h, and dist(2’, 022). 


Corollary 9.2.1: If u € W!7(2) is a weak solution of Au = f with f € 
C™(Q2), then also u€ C™(2). 


Proof: From Theorem 9.2.2 and Corollary 9.1.2. 


At the end of this section, we wish to record once more a fundamental 
observation concerning elliptic regularity theory as encountered in the present 
section for the first time and to be encountered many more times in the 
subsequent sections. For any u contained in the Sobolev space W?:?(22), we 
have the trivial estimate 


lull r2¢ay + Aullzecay < const ||ull w22¢0) 


(where Au is to be understood as the sum of the weak pure second derivatives 
of u). Elliptic regularity theory yields an estimate in the opposite direction; 
according to Theorem 9.2.1, we have 


lullw22¢07 < const(||ul| 2¢¢) + || Aull p2,a)) for QQ ee 22. 


Thus Au and some lower order term already control all second derivatives of 
u. Lemma 9.2.3 shall be interpreted in this sense as well. 
The Poincaré inequality states that for every u € Hj’7(2), 


lull r2¢) < const || Dull p2 (ay » 
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while for a harmonic u € W1?(2), we have the estimate in the opposite 
direction, 


Dullrecay < llullceca) 


(for 2! CC 2). 

In this sense, in elliptic regularity theory one has estimates in both di- 
rections, one direction resulting from general embedding theorems, and the 
other one from the elliptic equation. Combining both directions often allows 
iteration arguments for proving even higher regularity, as we have seen in the 
present section and as we shall have ample occasion to witness in subsequent 
sections. 


9.3 Boundary Regularity and Regularity Results for 
Solutions of General Linear Elliptic Equations 


With the help of Dirichlet’s principle, we have found weak solutions of 
Au=f ing 
with 
u—g€ Hy*(2) 


for given f € L?(2), g € H'?(Q). In the previous section, we have seen that 
in the interior of 2, u is as regular as f allows. It is then natural to ask 
whether wu is regular at O92 as well, provided that g and O02 satisfy suitable 
regularity conditions. A preliminary observation is that a solution of the 
above Dirichlet problem possesses a global bound that depends only on f 
and g: 


Lemma 9.3.1: Let u be a weak solution of Au= f, u-—g € Ay? (2) in the 
bounded region 922. Then 


leulws.aceay S¢ (Ilgllws.acay + I fllz2¢ay) + (9.3.1) 


where the constant c depends only on the Lebesgue measure |Q| of Q and on 
d. 


Proof: We insert the test function v = u—g into the weak differential equation 


Du: Dv=— | fv for all v € Hy?(2) 
Q Q 


to obtain 
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[\ouP= [Du do- f tu f to 


1 2 1 2 -[P =| 5/9 
22 ig = | |Dgl* 4 
<5 [pur +5 fips eet eee 


for any ¢ > 0, by Young’s inequality, and hence 


||Dullzs Se llullz2 + Dgllz2 + = ae +ellgllze » 


2 
||Dullp2 < ve llullp2 + Dalle + yl + Ve llgllz2- 


Obviously, 


llullc2 < lu —gllee + Ilgllce 


and by the Poincaré inequality 


1 
2) 
Iu ale < (21) (ida + IDal ss). 


Altogether, it follows that 


[Dues < VE (2) pale + ( +ve(@) ) |Pals 


2 
+ 2VE lle + af 2 Mla. 


We now choose 


and obtain 


(9.3.2) 


(9.3.3) 


(9.3.4) 


22 
[Pues < 31D ole +2 (M4) toler +v2-4() te (03.8 


Inequalities (9.3.3)—(9.3.5) then also yield an estimate for ||u||;2, and (9.3.1) 


follows. 
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We also wish to convince ourselves that we can reduce our considerations 
to the case u € Hj’*(Q). Namely, we simply consider @ := u — g € Hy’? (2), 
which satisfies 


Ati = Au— Ag = f —-Ag=f (9.3.6) 


in the weak sense. Here, we are assuming g € W?:?(Q), and thus, for a € 
Hy7(Q), we obtain the equation 


Aa = fF (9.3.7) 


with f € L?(), again in the weak sense. Since the W??-norm of u can be 
estimated by those of u and g, it thus suffices to consider vanishing boundary 
values. We consequently assume that u € Hy (2) is a weak solution of 
Au = fin 2. 

We now consider a special situation; namely, we assume that in the vicin- 
ity of a given point x9 € O22, OQ contains a piece of a hyperplane; for example, 
without loss of generality, x9 = 0 and 


82N B(O,R) = {(a',...,¢7-1,0)}n BCG, R) 


(here, B(0,R) = {x € R*: |x| < R} is the interior of the ball B(0, R)) for 
some R > 0. Let 


Bt(0,R):= cere) € B(0,R): 27> o} C2. 


If now 7 € C2(B(0, R)), we have 
ru € Hy” (B*(0,R)), 


because we are assuming that u vanishes on 021M B(0, R) in the Sobolev 
space sense. If now 1 < i < d—1 and |h| < dist(supp 7, 0B(0, R)), we also 
have 


Abu € Hy*(Bt (0, R)). 


Thus, we may proceed as in the proof of Theorem 9.2.1, in order to show 


that 
Diu € L? (2 (0 *)) (9.3.8) 


with a corresponding estimate, provided that i and 7 are not both equal to 
d. However, since, from our differential equation we have 


d—1 
Daau = f — > Djju, (9.3.9) 


j=1 
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Dane 1? (B(0,2)), 


and thus the desired regularity result 


ven (4(08). 


as well as the corresponding estimate. 
In order to treat the general case, we have to require suitable assumptions 
for 0. 


we then also obtain 


Definition 9.3.1: An open and bounded set Q C R® is of class C* (k = 
Oy 15 2.053700) if for any x € OQ there exist r > 0 and a bijective map 
@: B(xo,r) > ¢(B(az0,7r)) C R® (B(zo,r) = {y € R¢: |zo — y| < r}) with 
the following properties: 


(i) (2M B(ao,r)) C {(at,..., 04) : 24 > OF. 
(%) d(82T Blap,7)) C 4,2. 2,87) 227 =O}. 
(iti) @ and o~" are of class C*. 


Remark: This means that 0 is a (d —1)-dimensional submanifold of R? of 
differentiability class C*. 


Definition 9.3.2: Let Q C R?@ be of class C*, as defined in Definition 9.3.1. 
We say that g : Q— R is of class C'(Q) for 1 <k if g € C'(Q) and if for 
any ty € OF and ¢ as in Definition 9.3.1, 


goog i: ie gh ea Ot +R 
is of class C’. 


The crucial idea for boundary regularity is to consider, instead of u, local 
functions uo ¢~! with ¢ as in Definition 9.3.1. As we have argued at the 
beginning of this section, we may assume that the prescribed boundary values 
are g = 0. Then uo ¢~? is defined on some half-ball, and we may therefore 
carry over the interior regularity theory as just described. However, in general 
uo@! no longer satisfies the Laplace equation. It turns out, however, that 
uo@! satisfies a more general differential equation that is structurally similar 
to the Laplace equation and for which one may derive interior regularity in 
a similar manner. 

We have derived a corresponding transformation formula already in Sec- 
tion 8.4. Thus w = uo ¢~' satisfies a differential equation (8.4.11), i.e 


d dow 
ee (a (vidio a) = 0, (9.3.10) 
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where the positive definite matrix g’? is computed from ¢ and its derivatives 
(cf. (8.4.7)). 

We shall consider an even more general class of elliptic differential equa- 
tions: 


Lu:= > wa (mg rule (a)) 4 = (b' (x)u(z)) 


= f(a). (9.3.11) 
We shall need two essential assumptions: 
(Al) (Ellipticity) There exists some \ > 0 with 


d 
a ax)&i€; >AIE|? for alla e 0,€ €R4. 


(A2) meena There exists some M < oo with 
‘()| ,|e(x)|, |d(x)|) < M. 


oe (ja‘7( (x)], 


A function wu is called a weak solution of the Dirichlet problem 
Lu=f inQ (f € L?(Q) given), 
u—g € Hy”(2), 
if for all v € Hy’?(Q), 


- (= c'(x) Dju(x) + ayn) v(e) bde =—/ f(ax)v(a)dx. (9.3.12) 
7 Q 

In order to become a little more familiar with (9.3.12), we shall first try to 
find out what happens if we insert our test functions that proved successful 
for the weak Poisson equation, namely, v = 7?u and v = u— g. Here 77 is a 
cutoff function as described in Section 9.2 with respect to 2’ CC 92. With 
v =7/u, (9.3.12) then becomes 


| a na! DiuDju +2 na uDiuDjn + Po nbluDju (9.3.13) 
Q 
+25 ubinDjn— > etuDiu — anal =- / frru. 
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Analogously to (9.2.8), using Young’s inequality, this time of the form 


ij E ij l ij 
a ass < 5 .o a" agay + 36 » a’) bib; (9.3.14) 


for ¢ > 0, (a1,...,aa),(b1,..-,ba) € R®, and a positive definite matrix 
(a”!); j=1,...,.d, We thence obtain the following inequality: 


1 a 
cs |Dul? < xf PLaDudju 
eM 22 2,2 
< i |Dul|” n° + cr(e,A, M,d) | neu (9.3.15) 


62 
+ 09(5,4,Md) fw? Dn? +> f Ps? 


where ¢ > 0 remains to be chosen appropriately, and 6 = dist(Q’,02), with 
constants C1, C2 that depend only on the indicated quantities. Of course, we 


have used (A1) and (A2) here. With ¢ = 54,, this yields 


| |Dul? <e9(5,,Md) | eae | (9.3.16) 
2! Q Q 


where we have also used the properties of 7. This is the analogue of 
Lemma 9.2.3. The global bound of Lemma 9.3.1, however, does not admit a 
direct generalization. If we insert the test function u—g in (9.3.12), we obtain 
only (as usual, employing Young’s inequality in order to absorb all the terms 
containing derivatives into the positive definite leading term) 


1 e 
| |Dul? < 5 | Meru 
2 


(9.3.17) 
< ca(X,M, 4, |21) (llgllivsa + IF Z2ca + lellz2¢0y) 


Thus, the additional term [ell 2, 2) appears in the right-hand side. That this 
is really necessary can already be seen from the differential equation 


u"(t)+n«2u(t)=0 for0<t<n, 


ee eee (9.3.18) 


with « > 0. Namely, for « € N, we have the solutions 
u(t) = bsin(kt) 


with b € R arbitrary, and these solutions obviously cannot be controlled solely 
by the right-hand side of the differential equation and the boundary values, 
because those are all zero. The local interior regularity theory of Section 9.2, 
however, remains fully valid. Namely, we have the following theorem: 
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Theorem 9.3.1: Let u € W!?(2) be a weak solution of Lu = f; i.e., let 
(9.3.12) hold. Let the ellipticity assumption (A1) hold. Moreover, let all coeffi- 
cients a) (x),...,d(x) as well as f(x) be of class C®. Then also u € C®(2). 


Remark: Regularity is a local result. Since we assume that all coefficients are 
C@, in particular, on every 2’ CC 22, we have a bound of type (A2), with 
the constant M depending on 2’ here, however. 


Let us discuss the Proof of Theorem 9.3.1: We first reduce the proof to 
the case b’,c',d = 0, ie., to the regularity of weak solutions of 


Mu:=) = (%@ a (2) = f(z). (9.3.19) 


For that purpose, we simply rewrite 
lu=f 


as 


Mu=—~> 95 (0(@)u(a)) — De (a) Poula) — dla)ula) + £0) 
(9.3.20) 


We then prove the following theorem: 


Theorem 9.3.2: Let wu € Wt?(22) be a weak solution of Mu= f with f € 
W*?(Q). Assume (A1), and that the coefficients a‘I(x) of M are of class 
C*+1(Q). Then for every Q Cc Q, 


we Wr"). 
If 
Ila" ll ont1(ary SMa for all i, 5, (9.3.21) 
then 
lullersecay Se (hell z2¢ay + llfllws2cm) (9.3.22) 


with c= c(d,A,k, Mg, dist(2’, 022)). 


The Sobolev embedding theorem then implies that in case a’, f € C™, 
any solution of Mu = f is of class C° as well. The corresponding regu- 
larity for solutions of Lu = f, as claimed in Theorem 9.3.1 can then be 
obtained through the following important iteration argument: Since we as- 
sume u € W1?(2), the right-hand side of (9.3.20) is in L?(2). According to 
Theorem 9.3.2, for k = 0, then u € W?:?(Q). This in turn implies that the 
right-hand side of (9.3.20) is in W!?(2). Thus, we may apply Theorem 9.3.2 
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for k = 1 to obtain u € W*:?(2). But then, the right-hand side is in W?:?(2); 
hence u € W*?(Q2), and so on. 

In that manner we deduce u € W"™?({2) for all m € N, and by the Sobolev 
embedding theorem, hence that wu is in C%(.). 

We shall not display all details of the Proof of Theorem 9.3.2 here, since 
this represents a generalization of the reasoning given in Section 9.2 that 
only needs a more cumbersome notation, but no new ideas. We have already 
seen how such a generalization works when we inserted the test function 7?u 
in (9.3.12). The only additional ingredient is certain rules for manipulating 
difference quotients, like the product rule 


A¥(ab)(«) = - (a(a + hez)b(a + hex) — a(a)b(x)) 
= a(x + he) APb(x) + (Aj'a(z)) B(x). 


(9.3.23) 


For example, 


d 
AR (> oe) = S (a (x + hei) A} Dyu(x) + Aja” (x) Dju(z)) . 


(9.3.24) 


As before, we use AvP as a test function in place of v, and in the case 
suppv CC 2", 2h < dist(supp v, 0.2”), we obtain 


i» 


ic 
tJ 


A} (a‘) (x) D;u(x)) Djv(x)dx = [t@arro@ar. (9.3.25) 
With (9.3.23) and Lemma 9.2.1, this yields 


i, »S a’) (a + he;) Di APu(x) Djv(x)dx 


a ig 
< 05(4, Mi) (lullyr2¢ay + Ul¥llzacay) Dellzeqays (9.3.26) 


ie., an analogue of (9.2.17). Since because of the ellipticity condition (A1), 
we have the estimate 


| |nDAPu(zx)|” dz < / n Ve a’) (a + he;) AP Dyu(x) AP Dju(a)da, 
2 2 “G 


we can then proceed as in the proofs of Theorems 9.2.1 and 9.2.2. Readers 
so inclined should face no difficulties in supplying the details. 


We now return to the question of boundary regularity and state a theorem: 
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Theorem 9.3.3: Let u be a weak solution of Mu = f in Q withu-—g € 
Hy? (2). As always, suppose (A1). Let f € W*?(Q), g € W*t22(Q). Let 2 
be of class C**+?, and let the coefficients of M be of class C*+!(Q) (in the 
sense of Definition 9.3.1). Then 

u € WRt?2(9), 


and we have the estimate 


lullyesa2¢ay Se (lFllye2¢a) + llglls+2.¢0y) 


with c depending on X, d, and Q, and on C*++-bounds for the a). 


Proof: As explained at the beginning of this section, we may assume that 
02 is locally a hyperplane, by considering the composition uo ¢~1 in place 
of u, where ¢ is a diffeomorphism of the type described in Definition 9.3.1. 
Namely, by (8.4.12) our equation Mu = f gets transformed into an equation 


Mi=f 


of the same type, with estimates for the coefficients of M following from 
those for the a” as well as estimates for the derivatives of ¢. We have already 
explained above how to obtain estimates for u in that particular geometric 
situation. We let this suffice here, instead of offering tedious details without 
new ideas. 


Remark: As a reference for the regularity theory of weak solutions, we rec- 
ommend Gilbarg—Trudinger [9]. 


9.4 Extensions of Sobolev Functions and 
Natural Boundary Conditions 


Most of our preceding results have been formulated for the spaces Hi eG) 
only, but not for the general Sobolev spaces W*?(2) = H*?(Q). A technical 
reason for this is that the mollifications that we have frequently employed 
use the values of the given function in some full ball about the point under 
consideration, and this cannot be done at a boundary point if the function 
is defined only in the domain (2, perhaps up to its boundary, but not in the 
exterior of (2. Thus, it seems natural to extend a given Sobolev function on a 
domain 2 in R¢ to all of R%, or at least to some larger domain that contains 
the closure of 2 in its interior. The problem then is to guarantee that the 
extended function maintains all the weak differentiability properties of the 
original function. It turns out that for this to be successfully resolved, we 
need to impose certain regularity conditions on 02 as in Definition 9.3.1. In 
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the spirit of that definition, we thus start with the model situation of the 
domain 


R4 = {(x!,...,2%) € R424 > 0}. 


If now u € C* (R¢), we define an extension via 


ue) for x7 > 0, 
aes — 9.4.1 
pu(2) He Ekg ee) for Pe es 0, ( ) 


where the a; are chosen such that 


1 Vv 
S49; (-+) =1 forv=0,...,k—-1. (9.4.2) 


j=1 : 


One readily verifies that the system (9.4.2) is uniquely solvable for the a; (the 
determinant of this system is a Vandermonde determinant that is nonzero). 
One moreover verifies, and this of course is the reason for the choice of the a;, 
that the derivatives of Eyu up to order k— 1 coincide with the corresponding 
ones of wu on the hyperplane igt = Oo}, and that the derivatives of order k are 
bounded whenever those of wu are. Thus 


Egu € C®-+1(R4), (9.4.3) 


where C!:!(Q) is defined as the space of I-times continuously differentiable 
functions on 92 whose Ith derivatives are Lipschitz continuous, ie., 
|u(x) — v(20)| 


sup ————— <o 
xeQ |£&— Lol 


for any such derivative v and xt € 92 (see also Definition 11.1.1 below). 

If now 2 is a domain of class C* in the sense of Definition 9.3.1, and if 
u € C*(Q) (see Definition 9.3.2), we may locally straighten out the boundary 
with a C*-diffeomorphism ¢~1, extend the functions uo @~! with the above 
operator Ey, and then take E(u o ¢~') o d. This function then defines a 
local extension of class C*~!! of u across 02. In order to obtain a global 
extension, we simply patch these local extensions together with the help of 
a partition of unity. This is easy, and the reader may know this construction 
already, but for completeness, we present the details. We assume that 2 is a 
bounded domain of class C*. Thus, 02 is compact, and so it may be covered 
by finitely many sets of the type QN B (29,7) on which a local diffeomorphism 
with the properties specified in Definition 9.3.1 exists. 

We call these sets Q,, v = 1,...,n, and the corresponding diffeomor- 
phisms ¢,. In addition, we may find an open set Q C Q, with AOQN MN =O, 
so that 
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QC U Qy. 
v=0 


We then let yy, v = 0,...,m, be a partition of unity subordinate to this 
covering of 22 and put 


Eu:= yout+ s Eo ((yuu) od, ") 0 dy. 


v=1 


This then extends u as a C*—!! function to some open neighborhood 2’ of 
2. By taking a C9°(R*) function n with n = 1 on 2, n = 0 in R2\’, one may 
then also extend u to the C*—1+(R?¢) function 7Eu. In fact, this extension 
lies in OF" (12), 

This was for C*-functions, but it may be extended to Sobolev functions 
by approximation. Again considering the model situation of R4., we observe 
that u€ W*?(R4) can be approximated by the translated mollifications 


1 a+ 2heg — 
Un(x + 2heg) = a, u(y)o (ey) dy 
y*>0 


for h + 0 (h > 0) (here, eg is the dth unit vector in R%). The limit for 
h — 0 of the extensions Hu(#% + 2heq) then yields the extension Fu(x). 
One readily verifies that Eu € W*?(Q’) for some domain 2’ containing 2 
(for the detailed argument, one needs the extension lemma (Lemma 8.2.2), 
which obviously holds for all p, not just for p = 2) in order to handle the 
possible discontinuity of the highest-order derivatives along 02 in the above 
construction), and that 


|Eull wea S C llullws.eca) (9.4.4) 


for some constant C’ depending on 2 (via bounds on the maps ¢, ¢~! from 
Definition 9.3.1) and k. As above, by multiplying by a C§° function 7 with 
7 =10n 2, 7 = 0 outside 2’, we may even assume 


Eu € He? (2). (9.4.5) 


Equipped with our extension operator FE, we may now extend the embed- 
ding theorems from the Sobolev spaces He? (2) to the spaces W*:?(Q), if Q 
is a C*-domain. Namely, if u¢ W*?(Q), we consider Eu € Het’), which 
then is contained in D7 (2’) for kp < d, and in C™(2’), respectively, for 
O0<m<k—- according to Corollary 9.1.1, and thus in L™=% (Q) or C™(2), 
by restriction from 2’ to Q. Since Eu = u on §2, we have thus proved the 
following version of the Sobolev embedding theorem: 


Theorem 9.4.1: Let QC R®@ be a bounded domain of class C*. Then 
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La" (Q) for kp <d, 


- 9.4.6 
c™(22) forO<m<k-—. ( ) 


WP(Q)c 


In the same manner, we may extend the compactness theorem of Rellich: 


Theorem 9.4.2: Let QC R@% be a bounded domain of class C!. Then any 
sequence (Un)nen that is bounded in W1?(Q) contains a subsequence that 
converges in L?(22). 


The preceding version of the Sobolev embedding theorem allows us to 
put our previous existence and regularity results together to obtain a very 
satisfactory treatment of the Poisson equation in the smooth setting: 


Theorem 9.4.3: Let 2c R? be a bounded domain of class C®, and let 
gE C™(02), f E C%(Q). Then the Dirichlet problem 


Au=f inQ, 
u=g ono, 


possesses a (unique) solution u of class C%(2). 


Proof: As explained in the beginning of Section 9.3, we may restrict ourselves 
to the case where g = 0, by considering ut = u—g in place of u, where we have 
extended g as a C®-function to all of 2. (Since 2 is bounded, C®-functions 
on @ are contained in all Sobolev spaces W*?(2).) 

In Section 8.3, we have seen how Dirichlet’s principle produces a weak 
solution u € Hj’*(Q) of Au = f. We have already observed in Corollary 8.3.1 
that such a u is smooth in 92, but of course this follows also from the more 
general approach of Section 9.2, as stated in Corollary 9.2.1. Regularity up 
to the boundary, i.e., the result that u € C%(), finally follows from the 
Sobolev estimates of Theorem 9.3.3 together with the embedding theorem 
(Theorem 9.4.1). 


Of course, analogous statements can be stated and proved with the con- 
cepts and methods developed here in the C*-case, for any k € N. In this 
setting, however, a somewhat more refined result will be obtained below in 
Theorem 11.3.1. 

Likewise, the results extend to more general elliptic operators. Combin- 
ing Corollary 8.5.2 with Theorem 9.3.3 and Theorem 9.4.1, we obtain the 
following theorem: 


Theorem 9.4.4: Let Q C R®% be a bounded domain of class C®. Let the 
functions a) (i,j = 1,...,d) and c be of class C® in Q and satisfy the 
assumptions (A)-(D) of Section 8.5, and let f € C™(2), g € C™(OM) be 
given. Then the Dirichlet problem 
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admits a (unique) solution of class C% (2). 
It is instructive to compare this result with Theorem 11.3.2 below. 


We now address a question that the curious reader may already have 
wondered about. Namely, what happens if we consider the weak differential 
equation 


Du-Dv+ | fu=0 (f € 1°()) (9.4.7) 
2 Q 


for all v € W!?(Q), and not only for those in Hj’?(Q)? A solution u again 
has to be as regular as f and 2 allow, and in fact, the regularity proofs 
become simpler, since we do not need to restrict our test functions to have 
vanishing boundary values. In particular we have the following result: 


Theorem 9.4.5: Let (9.4.7) be satisfied for all v € W1(Q), on some C®- 
domain Q2, for some function f € C%°(2). Then also 


u € C%(9). 


The Proof follows the scheme presented in Section 9.3. We obtain dif- 
ferentiability results on the boundary 02 (note that here we conclude that 
u is smooth even on the boundary and not only in 2 as in Theorem 9.3.1) 
by applying the version stated in Theorem 9.4.1 of the Sobolev embedding 
theorem. 


In Section 9.5 we shall need regularity results for solutions of 


Du-Dotnf wv=0 (wu ER), for allv e W*?(Q). (9.4.8) 
G 


2 2 


We can apply the iteration scheme described in Section 9.3 to establish the 
following corollary: 


Corollary 9.4.1: Let u be a solution of (9.4.8), for all v € W??(Q). If the 
domain 2 is of class C™, then u € C™(2). 


We return to the equation 


Du-Duv+ | fv=0 
2 2 


on a C®-domain 2, for f € C%°(2). Since u is smooth up to the boundary 
by Theorem 9.4.5, we may integrate by parts to obtain 
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-{ Au-v+ set f fu=0 forallve Wt?(2). (9.4.9) 
Q ag On Q 

We know from our discussion of the weak Poisson equation that already if 
(9.4.7) holds for all v € Hj’*(Q), then, since u is smooth, necessarily 


Au=f nf. (9.4.10) 
Equation (9.4.9) then implies 


ot oy =0 for all v € W*?(). 
aQ On 


This then implies 


au =0 ond”. (9.4.11) 
On 
Thus, wu satisfies a homogeneous Neumann boundary condition. Since this 
boundary condition arises from (9.4.7) when we do not impose any restric- 
tions on v, it then is also called a natural boundary condition. 

We add some further easy observations (which have already been made 
in Section 1.1): If u is a solution, so is u+c, for any c € R. Thus, in contrast 
to the Dirichlet problem, a solution of the Neumann problem is not unique. 
On the other hand, a solution does not always exist. Namely, we have 


Ou 
- Aut f =o, 
[, Q an 


and therefore, using v = 1 in (9.4.9), we obtain the condition 


f=0 (9.4.12) 
2 
on f as a necessary condition for the solvability of (9.4.9), hence of (9.4.7). 
It is not hard to show that this condition is also sufficient, but we do not 
pursue that point here. 

Again, the preceding considerations about the regularity of solutions of 
the Neumann problem extend to more general elliptic operators, in the same 
manner as in Section 9.3. This is straightforward. 

Finally, one may also consider inhomogeneous Neumann boundary con- 
ditions; for simplicity, we consider only the Laplace equation, i.e., assume 
f = 0 in the above. 

A solution of 


Au=0 inf, 


Ou (9.4.13) 
—=h on 02, for some given smooth function h on 022, 
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can then be obtained by minimizing 
1 
= | |Dul?-— [| hu in Wt?(9). (9.4.14) 
2 Q OQ 


Here, a necessary (and sufficient) condition for solvability is 


| h=0. (9.4.15) 
02 


In contrast to the inhomogeneous Dirichlet boundary condition, here the 
boundary values do not constrain the space in which we seek a minimizer, 
but rather enter into the functional to be minimized. Again, a weak solution 
u, i.e., satisfying 


| Du- Dv -f hv =0 for allv € W'?(), (9.4.16) 
2 02 


is determined up to a constant and is smooth up to the boundary, assuming, 
of course, that 02 is smooth as before. 


9.5 Eigenvalues of Elliptic Operators 


In this textbook, at several places (see Sections 4.1, 5.2, 5.3, 6.1), we have 
already encountered expansions in terms of eigenfunctions of the Laplace 
operator. These expansions, however, served as heuristic motivations only, 
since we did not show the convergence of these expansions. It is the purpose 
of the present section to carry this out and to study the eigenvalues of the 
Laplace operator systematically. In fact, our reasoning will also apply to 
elliptic operators in divergence form, 


Lu = yy a (0 (a) ja) ) ; (9.5.1) 


for which the coefficients a’ (x) satisfy the assumptions stated in Section 9.3 
and are smooth in §2. Nevertheless, since we have already learned in this chap- 
ter how to extend the theory of the Laplace operator to such operators, here 
we shall carry out the analysis only for the Laplace operator. The indicated 
generalization we shall leave as an easy exercise. We hope that this strat- 
egy has the pedagogical advantage of concentrating on the really essential 
features. 

Let 2 be an open and bounded domain in R¢. The eigenvalue problem 
for the Laplace operator consists in finding nontrivial solutions of 


Au(z) + Au(z) =0 in 2, (9.5.2) 
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for some constant A, the eigenvalue in question. Here one also imposes some 
boundary conditions on u. In the light of the preceding, it seems natural to 
require the Dirichlet boundary condition 


u=0 on OM. (9.5.3) 


For many applications, however, it is more natural to have the Neumann 
boundary condition 
a =0 ond (9.5.4) 
instead, where a denotes the derivative in the direction of the exterior nor- 
mal. Here, in order to make this meaningful, one needs to impose certain 
restrictions, for example, as in Section 1.1, that the divergence theorem is 
valid for 2. For simplicity, as in the preceding section, we shall assume that 
2 is a C%-domain in treating Neumann boundary conditions. In any case, 
we shall treat the eigenvalue problem for either type of boundary condition. 
As with many questions in the theory of PDEs, the situation becomes 
much clearer when a more abstract approach is developed. Thus, we shall 
work in some Hilbert space H; for the Dirichlet case, we choose 


H = Hy? (9), (9.5.5) 
while for the Neumann case, we take 
H=W’**?(). (9.5.6) 


In either case, we shall employ the L?-product 
(fad = | fe)ala)ae 
for f,g € L?(Q), and we shall also put 


[fll = Uf llzecay = SD? 


It is important to realize that we are not working here with the scalar product 
of our Hilbert space H, but rather with the scalar product of another Hilbert 
space, namely L?(2), into which H is compactly embedded by Rellich’s the- 
orem (Theorems 8.2.2 and 9.4.2). 

Another useful point in the sequel is the symmetry of the Laplace opera- 
tor, 


(Ay, ¥) = —(De, DY) = (vp, AY) (9.5.7) 


oe on O92. 


for all y,  € C5°(), as well as for y, yp € C%(2) with $4 =0 
This symmetry will imply that all eigenvalues are real. 
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We now start our eigenvalue search with 


2 
dD D Du 

— ing (DuDu) f_ gg [Puller Hn2(0) (9.5.8) 

weH\{0}  (u, U) weH\{0} |lul|72(9) 


We wish to show that (because the expression in (9.5.8) is scaling invariant, 
in the sense that it is not affected by replacing u by cu for some nonzero 
constant c) this infimum is realized by some u € H with 


Au+ Au = 0. 


We first observe that (because the expression in (9.5.8) is scaling invariant, 
in the sense that it is not affected by replacing u by cu for some constant c) 
we may restrict our attention to those u that satisfy 


Ilell 22 (02) (= (u, u)) = 1 (9.5.9) 


We then let (tn)nen C H be a minimizing sequence with (u,,u,) = 1, and 
thus 


A= lim (Dun, Dun). (9.5.10) 


Thus, (Un)nen is bounded in H, and by the compactness theorem of Rellich 
(Theorems 8.2.2 and 9.4.2), a subsequence, again denoted by u,, converges 
to some limit u in L?(2) that then also satisfies Ilu|| p22) = 1. In fact, since 


2 2 
|D(un — Um) Ih72(.2) + ||_D(un + Um)IlE2(.2) 
=2 || Dunllz2¢@) +2 || Dull .2¢0) for alln,m EN, 
and 
2 2 ae 
||D(un + Um) 722) >Allun + Umllz2(@) by definition of A, 
we obtain 
2 2 2 
|Dun — Dum||72(9) <2 || Dun|lz2¢a) +2 || Dum||z2(@) 
2 
— Alun + Umllz2 (a) - (9.5.11) 
Since by choice of the sequence (tn)nen; || Dun Il72¢0) and || Durall 52a) con- 
verge to A, and ||, + Um IZ2¢0) converges to 4, since the up, converge in L?(2) 
to an element u of norm 1, the right-hand side of (9.5.11) converges to 0, and 
so then does the left-hand side. This, together with the L?-convergence, im- 


plies that (Un)nen is a Cauchy sequence even in H, and so it also converges 
to uin H. Thus 
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Du, D 
i eee (9.5.12) 
(u, u) 
In the Dirichlet case, the Poincaré inequality (Theorem 8.2.2) implies 
A> 0. 


At this point, the assumption enters that 2 as a domain is connected. In 
the Neumann case, we simply take any nonzero constant c, which now is an 
element of H \ {0}, to see that 


pepe eRe _¢ 
(c,¢) 


A= 0. 
Following standard conventions for the enumeration of eigenvalues, we put 


A=: Ay in the Dirichlet case, 
=: Ao(= 0) in the Neumann case, 
and likewise u =: u; and u =: uo, respectively. 
Let us now assume that we have iteratively determined ((Ao, Uo)), (A1, U1), 
cae) (Aves Um—1); with 
(Ao S) Ar S++ SAm-1, 
uz € L7(2) 1 C™ (0), 


uj=0O onO in the Dirichlet case, and 


Oui =0 ondO in the Neumann case, 
On 
(uz, Us) = big for all ps) <m-— i 
Auj+ Ayu; =O in fori<m-1. (9.5.13) 
We define 
Ay i= {ve H: (v,u;)=0 fori<m-—1} 
and 


(Du, Du) 


= i 9.5.14 
ucH,.\{0} (u, u) ( ) 
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Since H,, C Hm—1, the infimum over the former space cannot be smaller 
than the one over the latter, i.e., 


ee ae (9.5.15) 


Note that H,, is a Hilbert space itself, being the orthogonal complement of 
a finite-dimensional subspace of the Hilbert space H. Therefore, with the 
previous reasoning, we may find umn € Hm with ||Um||;2(q) = 1 and 


(Dum, Dum) 


(Um; Um) 


dn = (9.5.16) 


We now want to verify the smoothness of u,,, and equation (9.5.13) for i = m. 
From (9.5.14), (9.5.16), for all gy € Hm, t ER, 


(D (um + ty), D(um + tp)) 
(Um + tp, Um + ty) 


2 Am; 


where we choose |t| so small that the denominator is bounded away from 0. 
This expression then is differentiable w.r.t. t near t = 0 and has a minimum 
at 0. Hence the derivative vanishes at t = 0, and we get 


(Dum,De) (Dum, Dum) (Um, ) 
(Um; Um) Cae Um) (lings Um) 
= (Dtm, Dy) — An(Um, ”) for all y € Hy. 


0= 


In fact, this relation even holds for all y € H, because for i < m—1, 
(Um, Ui) = 0 
and 
(Dum, Duj) = (Duj, Dum) = Ai(ui, Um) = 0, 


since Um» € H;. Thus, u,, satisfies 
i Dum» Dy — rn ff Uny =0 forall ye H. (9.5.17) 
Q Q 


By Theorem 9.3.1 and Corollary 9.4.1, respectively, u,,, is smooth, and so we 
obtain from (9.5.17) 

Atm +AmUm =0 in 22. 
As explained in the preceding section, we also have 


OuUm 
Ore. =0 ond 
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in the Neumann case. In the Dirichlet case, we have of course 
Um =O on OD 


(this holds pointwise if 092 is smooth, as explained in Section 9.4; for a 
general, not necessarily smooth, 022, this relation is valid in the sense of 
Sobolev). 


Theorem 9.5.1: Let Q C R@ be connected, open and bounded. Then the 
eigenvalue problem 


Au+Au=0, ue Hy(@) 
has countably many eigenvalues 

O< Ay < Ao << Am <<: 
with 


lim Am = 
m—- oo 


and pairwise L?-orthonormal eigenfunctions uj and (Duj;, Du;) = A;. Any 
v € L?() can be expanded in terms of these eigenfunctions, 


v= So (v, i) us (and thus (v,v) = Sse), (9.5.18) 


i=l i=l 


and if v € Hy7(2), we also have 
(Dv, Dv) = > di(v, us)?. (9.5.19) 
i=1 


Theorem 9.5.2: Let QC R@ be bounded, open, and of class C°. Then the 
eigenvalue problem 
Aut+du=0, ue W*?(2) 


has countably many eigenvalues 


O= A <A < +++ < Am <-: 


with 


lim A», = co 
noo 


and pairwise L?-orthonormal eigenfunctions u; that satis 
g 7] 
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Ou; 


an =0 ond. 


Any v € L?(Q) can be expanded in terms of these eigenfunctions 


v= So (v, ui) ui (and thus (v,v) = S"(v, ui)?), (9.5.20) 
i=0 i=0 


and if v € W1:7(2), also 


co 


(Dv, Dv) = >> da(v, u4)?. (9.5.21) 


Remark: Those v € L*(2) that are not contained in H can be characterized 
by the fact that the expression on the right-hand side of (9.5.19) or (9.5.21) 
diverges. 


The Proofs of Theorems 9.5.1 and 9.5.2 are now easy: We first check 


lim Am = oo. 
m—- oo 


Indeed, otherwise, 

||Dum|| <¢ for all m and some constant c. 
By Rellich’s theorem again, a subsequence of (wu ,) would then be a Cauchy 
sequence in L?(Q). This, however, is not possible, since the u, are pairwise 


L?-orthonormal. 
It remains to prove the expansion. For v € H we put 


Bi = (uv, Ui) 
and 


Via =} DiUij, Wm := UV — Um. 


i<m 


Thus, vm is the orthogonal projection of v onto Hm, and wy», then is orthog- 
onal to H,,; hence 


(Wm, Ui) =O for i<m. 
Thus also 
(Dum, Dwy) = Am+1 (Wm; Wm) 


and 
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(DwWm, Du;) = Ai(Ui,Wm) = 0. 
These orthogonality relations imply 


(Wm, Wm) = (v, v) _— Cees 


9.5.22 
(DWm,DwWm) = (Dv, Dv) — (Dum, Dum), ( ) 


and then 


(Wm;Wm) < (Dv, Dv), 


m+1 


which converges to 0 as the \,, tend to oo. Thus, the remainder w,,, converges 
to 0 in L?, and so 


a, = Nae 3 2 
v= im Um = doo, wii in L*(2). 


Also, 


Dim = s B,Dui, 


i<m 
and hence 


(DUm,; Dim) = x G?(Duj;,Du;) (since (Du;,Du;) =0 for i 4 j) 
i<m 
= Sonat 
i<m 
Since (Dum, Dum) < (Dv, Dv) by (9.5.22) and the \; are nonnegative, this 
series then converges, and then for m < n, 


(Dwm — Dwn, DWm — Dwr) = (Dvn — Dim, Dvn — Dum) 
= > AyB? +0 form,n—->o, 


i=m+1 


and so (Dwm)men is a Cauchy sequence in L?, and so wm converges in H, 
and the limit is the same as the L?-limit, namely 0. Therefore, we get (9.5.19) 
and (9.5.21), namely 


ae = (32 
(Dv, Dv) = im (Dom, Dum) = a ru BZ. 


The eigenfunctions (wm)n € N thus are an L?-orthonormal sequence. The 
closure of the span of the um then is a Hilbert space contained in L?(Q) and 
containing H. Since H (in fact, even C§°(2) NH, see the Appendix) is dense 
in L?(Q), this Hilbert space then has to be all of L?(2). So, the expansions 
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(9.5.18), (9.5.20) are valid for all v € L?(9). 
The strict inequality Ay < Az in the Dirichlet case will be proved in Theorem 
9.5.4 below. 


A moment’s reflection also shows that the above procedure produces all 
the eigenvalues of A on H, and that any eigenfunction is a linear combination 
of the uj. 

An easy consequence of the theorems is the following sharp version of the 
Poincaré inequality (cf. Theorem 8.2.2). 


Corollary 9.5.1: For v € Hy’?(Q), 
Ai(u,v) < (Du, Dv) (9.5.23) 


where A, 1s the first Dirichlet eigenvalue according to Theorem 9.5.1. 
For v € H+?(2) with _ on O92 


Ai(u — 8,v — 3b) < (Dv, Dv) (9.5.24) 


where ‘ oo is the first Neumann eigenvalue according to Theorem 9.5.2, 
and t := = [aT Jqv(a)dzx is the average of v on Q (\|M2\| is the Lebesgue measure 


of 2). Moreover, if such av with vanishing Neumann boundary values is of 
class H:?(Q), then also 


A1(Du, Dv) < (Av, Av), (9.5.25) 


Ai again being the first Neumann eigenvalue. 


Proof: The inequalities (9.5.23), (9.5.24) readily follow from (9.5.14), noting 
that in the second case, v—U is orthogonal to the constants, the eigenfunctions 
for Ap = 0, since 


i (v(a) — B)dx = 0. (9.5.26) 
2 

As an alternative, and in order to obtain also (9.5.25), we note that 

Dv = Div — &), Av = A(v — 5), and 


CO 


(vu —U,v—B) = >, 4), (9.5.27) 


i=1 


that is, the term for i = 0 disappears from the expansion because v — 0 is 
orthogonal to the constant eigenfunction uo. Using 


(Du, Dv) =x (vu, us)? 


(Av, Av) =a (vu, ui)? 


and A; < A; then yields (9.5.24), (9.5.25). 
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More generally, we can derive Courant’s minimax principle for the eigen- 
values of A: 


Theorem 9.5.3: Under the above assumptions, let P* be the collection of all 
k-dimensional linear subspaces of the Hilbert space H. Then the kth eigen- 
value of A (i.e., Ax in the Dirichlet case, Ap-1 in the Neumann case) is 
characterized as 


max min 


(Du, Du) 0,u orth l to L, 
Lepk-1 { _ u#0,u orthogonal to . (9.5.28) 


(u,u) ° &e., (u,v) =0 forallue L 


or dually as 


min max 
LEP 


aes weL\ coy} (9.5.29) 


Proof: We have seen that 
(Du, Du) 


An = min { ai) 


: u#0,u orthogonal to the u; with i <m— i} ‘ 
(9.5.30) 


It is also clear that 


Du, D 
Am = max { rate : u #0 linear combination of u; with 7 < ml ; 
U,U 
(9.5.31) 


and in fact, this minimum is realized if u is a multiple of the mth eigenfunc- 
tion Um, because A; = eee < Am for i < m and the u; are pairwise 
orthogonal. 

Now let LZ be another linear subspace of H of the same dimension as the 
span of the u;, i <_m. Let LZ be spanned by vectors v;, i < m. We may then 
find some v = So a;v,; € L with 


(vu, Ui) = y a;(vj,ui)=0 fori<m—1. (9.5.32) 
] 


(This is a system of homogeneous linearly independent equations for the a;, 
with one fewer equation than unknowns, and so it can be solved.) Inserting 
(9.5.32) into the expansion (9.5.19) or (9.5.21), we obtain 
(Du, Dv) jam Ag (Vs U5)? 
= Ios) 2 Am: 
(v, v) dojam (Ys Uy)? 


Therefore, 
(Dv, Dv) 


max pes 
veL\{o} (v,v) 


and (9.5.29) follows. Suitably dualizing the preceding argument, which we 
leave to the reader, yields (9.5.28). 
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While for certain geometrically simple domains, like balls and cubes, one 
may determine the eigenvalues explicitly, for a general domain, it is a hopeless 
endeavor to attempt an exact computation of its eigenvalues. One therefore 
needs approximation schemes, and the minimax principle of Courant suggests 
one such method, the Rayleigh—Ritz scheme. For that scheme, one selects 
linearly independent functions w1,...,w, € H, which then span a linear 
subspace L, and seeks the critical values, and in particular the maximum of 


ee for we L 
With 
ai = (Dw;,Dw;), A:= (iz) i,j=1,...,k: 
bis (wi, W;); Bi= (Opie gai, ko 
for 
w= S- CjWj; 
j=l 
then 
(Dw, Dw) _ ee Aig CiCj 
(w,w) ere bij cacy 
and the critical values are given by the solutions 41,..., j4% of 
det(A — wB) = 0. 
These values f1,..., 4% then are taken as approximations of the first k eigen- 


values; in particular, if they are ordered such that pu, is the largest among 
them, that value is supposed to approximate the kth eigenvalue. One then 
tries to optimize with respect to the choice of the functions w1,..., wz; 1.e., 
one tries to make pz as small as possible, according to (9.5.29), by suitably 
choosing w ,..., Wk. 


The characerizations (9.5.28) and (9.5.29) of the eigenvalues have many 
further useful applications. The basis of those applications is the following 
simple remark: In (9.5.29), we take the maximum over all u € H that are 
contained in some subspace L. If we then enlarge H to some Hilbert space 
H', then H’ contains more such subspaces than H, and so the minimum over 
all of them cannot increase. 

Formally, if we put P*(H) := {k — dimensional linear subspaces of H}, 
then, if H C H’, it follows that P*(H) c P*(H"), and so 
(Du, Du) . (Du, Du) 


min max —————> _ min max = —————. (9.5.33) 
LeP#(H) ueL\{0}  (u, U) L'ePk(H’) ueL'\{0}  (u, u) 
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Corollary 9.5.2: Under the above assumptions, we let0 < AP < AP <.--- 
be the Dirichlet eigenvalues, and 0 = AY < AW < AN <--- be the Neumann 
eigenvalues. Then 


Na < A? for all j. 


Proof: The Hilbert space for the Dirichlet case, namely H, ve (22), is asubspace 
of that for the Neumann case, namely W1?(Q), and so (9.5.33) applies. 


The next result states that the eigenvalues decrease if the domain is en- 
larged: 


Corollary 9.5.3: Let Q; C Qz be bounded open subsets of R¢. We denote 
the eigenvalues for the Dirichlet case of the domain 2 by r,(2). Then 


Nu(Q2) < rx(Q1) for all k. (9.5.34) 


Proof: Any v € Hy’?(Q1) can be extended to a function  € Hy’?(Q2), simply 
by putting 


7 v(x) for ® € 21, 
v(x) = 
0 for x € {25 \ 22,. 


Lemma 8.2.2 tells us that indeed  € H,’?(2). Thus, the Hilbert space 
employed for 2; is contained in that for (22, and the principle (9.5.33) again 
implies the result for the Dirichlet case. 


Remark: Corollary 9.5.3 is not in general valid for the Neumann case. A first 
idea to show a result in that case is to extend functions v € W!?(,) to Q by 
the extension operator E constructed in Section 9.4. However, this operator 
does not preserve the norm: In general, ||Eu|| y1.2(9,) > |lvll w1.2(,), and so 
this does not represent W1:?(2,) as a Hilbert subspace of W1:?(2). This 
difficulty makes the Neumann case more involved, and we omit it here. 


The next result concerns the first eigenvalue A; of A with Dirichlet bound- 
ary conditions: 


Theorem 9.5.4: Let A, be the first eigenvalue of A on the open and bounded 
domain 2 Cc R* with Dirichlet boundary conditions. Then r1 is a simple 
eigenvalue, meaning that the corresponding eigenspace is one-dimensional. 
Moreover, an eigenfunction u, for 1 has no zeros in 2, and so it is either 
everywhere positive or negative in 92. 


Proof: Let 
Au; + Ayu, =0 in fQ. 


By Corollary 8.2.2, we know that |ui| € W!?(Q), and 
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(Diu:|,Dlual) _ (Dur,Du) _ , 
= =). 
(|ua|, [ua|) (ui, Ua) 


Therefore, |u| also minimizes 
(Du, Du) 
(u, u) 


and by the reasoning leading to Theorem 9.5.1, it must also be an eigenfunc- 
tion with eigenvalue A. Therefore, it is a nonnegative solution of 


Aut+dAu=0 in, 


ri 


and by the strong maximum principle (Theorem 9.1.2), it cannot assume a 
nonpositive interior minimum. Thus, it cannot become 0 in 2, and so it is 
positive in 92. This, however, implies that the original function u; cannot 
become 0 either. Thus, uw, is of a fixed sign. 

This argument applies to all eigenfunctions with eigenvalue A1. Since two 
functions v1, v2 neither of which changes sign in (2 cannot satisfy 


i ade t: 


i.e., cannot be L?-orthogonal, the space of eigenfunctions for \, is one- 
dimensional. 


The classical text on eigenvalue problems is Courant—Hilbert [4]. 


Remark: More generally, Courant’s nodal set theorem holds: Let Q Cc R¢ 
be open and bounded, with Dirichlet eigenvalues 0 < Ay < Ao < ... and 
corresponding eigenfunctions u,, U2,.... We call 


r* := {2 €Q: u,(x) =0} 


the nodal set of uz. The complement 2\ I k then has at most k components. 


Summary 


In this chapter we have introduced Sobolev spaces as spaces of integrable 
functions that are not necessarily differentiable in the classical sense, but 
do possess so-called generalized or weak derivatives that obey the rules for 
integration by parts. Embedding theorems relate Sobolev spaces to spaces of 
L”-functions or of continuous, Hélder continuous, or differentiable functions. 

The weak solutions of the Laplace and Poisson equations, obtained in 
Chapter 8 by Dirichlet’s principle, naturally lie in such Sobolev spaces. In 
this chapter, embedding theorems allow us to show that weak solutions are 
regular, i.e., differentiable of any order, and hence also solutions in the clas- 
sical sense. 

Based on Rellich’s theorem, we have treated the eigenvalue problem for 
the Laplace operator and shown that any L?-function admits an expansion 
in terms of eigenfunctions of the Laplace operator. 
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Exercises 


9.1 Let u: 22 — R be integrable, and let a, @ be multi-indices. Show that 
if two of the weak derivatives Da+igu, DaeDgu, DaDau exist, then the 
third one also exists, and all three of them coincide. 

9.2 Let u,v € WI(Q) with wv, wv + vDu € L1(Q). Then uv € W1(Q) 
as well, and the weak derivative satisfies the product rule 


D(uv) = uDv + vDu. 


(For the proof, it is helpful to first consider the case where one of the two 
functions is of class C+().) 

9.3 Form >2,1<q<m/2,ue Hy (Q)L77 (Q) we have u € Ht (Q) 
and 


|| Dull, Preller ¢9- 


7 (Q) = L71 (Q) ) 


(Hint: For p= 7, 
|Dju|? => D;(uD;u|Dju|?~?) = uD;(Dju|Dju|?~?). 


The first term on the right-hand side disappears upon integration over 
Q for u € C§°(2) (approximation argument!), and for the second one, 
we utilize the formula 


Di(v|v|?-?) = (p — 1)(Div)|o|?-?. 


Finally, you need the following version of Hélder’s inequality 
I|uru2usl|p1¢) = Ileal ze (2) Ilu2ll 2 (02) Ilu3ll pps (a) 
; 1 1 — 
for u; € L?*(Q), 2+ 52+ 5, = 1 (proof!).) 
9.4 Let 
Q, := B(0,1) c R4, 
Qz := RB" \ B(0, 1), 


i.e., the d-dimensional unit ball and its complement. For which values of 
k, p,d,a is 


f(@) = |a|® 


in WkP(;) or W*P(2)? 
9.5 Prove the following version of the Sobolev embedding theorem: 
Let u € W*?(2), 2’! cc ACR. Then 


La (2) for kp < d, 
om (2') for0 <m<k-—d/p. 


9.6 


9.7 


9.8 


Exercises 269 


State and prove a generalization of Corollary 9.1.5 for u€ W*?(Q) that 
is analogous to Exercise 8.5. 

Supply the details of the proof of Theorem 9.3.2 (This may sound like 
a dull exercise after what has been said in the text, but in order to 
understand the techniques for estimating solutions of PDEs, a certain 
drill in handling additional lower-order terms and variable coefficients 
may be needed.) 

Carry out the eigenvalue analysis for the Laplace operator under periodic 
boundary conditions as defined in §1.1. In particular, state and prove an 
analogue of Theorems 9.5.1 and 9.5.2. 


10. Strong Solutions 


10.1 The Regularity Theory for Strong Solutions 


We start with an elementary observation: Let v € O3(2). Then 


d d 
2 
Dv aco) = fh Yo vot ettatas =H f Yo vases ete 
2 iG 2 fi 
; (10.1.1) 
2 
=) Ste a So a= | Av||72(.) : 
2 j=1 j=l 


Thus, the L?-norm of Av controls the L?-norms of all second derivatives of 
v. Therefore, if v is a solution of the differential equation 


Av = f, 


the L?-norm of f controls the L?-norm of the second derivatives of v. This 
is a result in the spirit of elliptic regularity theory as encountered in Sec- 
tion 9.2 (cf. Theorem 9.2.1). In the preceding computation, however, we have 
assumed that, firstly, v is thrice continuously differentiable, and secondly, 
that it has compact support. The aim of elliptic regularity theory, however, 
is to deduce such regularity results, and also, one typically encounters non- 
vanishing boundary terms on 0{2. Thus, our assumptions are inappropriate, 
and we need to get rid of them. This is the content of this section. 

We shall first discuss an elementary special case of the Calderon-Zygmund 
inequality. Let f € L?(Q), Q open and bounded in R¢. We define the Newton 
potential of f as 


wa) = f Pew s)ay (10.1.2) 
using the fundamental solution constructed in Section 1.1, 


aq log |x — y| for d=2 
P(a,y) = 4" bd 
fener for d > 2. 
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Theorem 10.1.1: Let f € L?(Q2) and let w be the Newton potential of f. 
Then w € W??(Q), Aw = f almost everywhere in Q, and 


||? 2 ea) = If llz2(2) (10.1.3) 


(w is called a strong solution of Aw = f, because this equation holds almost 
everywhere). 


Proof: We first assume f € C§°(2). Then w € C®(R4). Let 2 CC 2, 2 
bounded with a smooth boundary. We first wish to show that for x € 22, 


somes) =f) aeraes Te MLW) ~ 1))ay 


5 (10.1.4) 
+ f(z) jgi le y)v'doly), 
IQ, CX 
where v = (v!,...,v%) is the exterior normal and do(y) yields the induced 


measure on O29. This is an easy consequence of the fact that 


@ : 
aaiagst (ew (Flv) = i) < Se eae f(y) — f(2)| 
1 
< const ——-; If lla : 
lz — y| 


In other words, the singularity under the integral sign is integrable. (Namely, 
one simply considers 
2 i a 


agit (2 y)nelu) Flu)ay, 


with n-(y) = 0 for |y| < ©, n-(y) = 1 for |y| > 2e and |Dn.-| < 2, and shows 
that as e + 0, Djv- converges to the right-hand side of (10.1.4).) 


Remark: Equation (10.1.4) continues to hold for a Hélder continuous f, cf. 
Section 11.1 below, since in that case, one can estimate the integrand by 


1 
const ———j— lf low 


Iz — y| 
(0<a<1). 


Since 
AI(a,y)=0 foralafy, 


for Q9 = B(«, R), R sufficiently large, from (10.1.4) we obtain 
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Aw(x) = soph if @) f 7 ve o(y) = f(x). (10.1.5) 


Thus, if f has compact support, so does Aw; let the latter be contained in 
the interior of B(0, R). Then 


d 


eke »y (saan w= =i. R) a Ox? wast 


+f Dw- iy do(y) 
aBo,R) OV (10.1.6) 
=| (aw) 

B(0,R) 


+ | Dw- an do(y). 
dB(0,R) Ov 


As R-+ 00, Dw behaves like R!~¢, D?w like R~4, and therefore, the integral 
on OB(0, R) converges to zero for R — oo. Because of (10.1.5), (10.1.6) then 
yields (10.1.3). 

In order to treat the general case f € L?(Q2), we argue that by The- 
orem 8.2.2, for f € O§°(2) the W?-norm of w can be controlled by the 
L?-norm of f.! We then approximate f € L?(2) by (fn) € C§°(2). Apply- 
ing (10.1.3) to the differences (w, — Wm) of the Newton potentials w, of fr, 
we see that the latter constitute a Cauchy sequence in W?:?(2). The limit w 
again satisfies (10.1.3), and since L?-functions are defined almost everywhere, 
Aw = f holds almost everywhere, too. 


The above considerations can also be used to provide a proof of Theo- 
rem 9.2.1. We recall that result: 


Theorem 10.1.2: Let u € W1?(2) be a weak solution of Au = f, with 
f € L?(2). Then u € W??(2'), for every Q' CC 2, and 


lull waecor < const (lull zac) + Ifllzacay) (10.1.7) 
with a constant depending only on d, 2, and 92’. Moreover, 
Au=f almost everywhere in 92. 


Proof: As before, we first consider the case u € C3(Q2). Let B(x, R) Cc Q, 
€ (0,1), and let 7 € C3(B(a, R)) be a cutoff function with 


' See the proof of Lemma 8.3.1. 
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0< ny) <1, 
ny) =1 for y € B(z,cR), 


n(y) =0 for yeR"\ B(2, +52. Re), 


4 
Dn| < ———— 
|Dn| < (ao) R 


16 
Ds) = — 
|D°n| < (1 — o)?R? 
We put 


UL= Hu. 


Then v € C8(B(z, R)), and (10.1.1) implies 


||P?o|| :2(ae.ny = lArll2(ee,Ry - (10.1.8) 
Now, 
Av = nAut+ 2Du- Dyn +uAn, 
and thus 
| P°4l| :2(eee,oR)) Ss Poll p2cace,ry) 


1 
< const |Ifllz2e@,ry + Go apg lPullae(o(e.g2-R 
(BR) " —o)R (B(2,+42-R)) 


1 
+ (1 = oa)? R? lull 2(B@,R)) ) : 
(10.1.9) 


Now let € € C4(B(a, R)) be a cutoff function with 
0<€(y) <1, 


1 
E&(y)=1 for ye Bs, <n), 


4 
DE] < (oR 


Putting w = €?u and using that u is a weak solution of Au = f, we obtain 


[Depew =-f feu, 
B(x, R) B(x,R) 


hence 
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| €?|Dul? = -2 guDu- Dé — | feu 
B(«,R) B(ax,R) B(x,R) 
1 
5 | & [Dul? +2 f u? |De|? 
2 J B(x,R) B(«,R) 


1 
+(1-oR? | P+o—om | ro 
B(2,R) (l=a)?R? J 5(e,R) 


Thus, we have an estimate for ||€Dul];2(5(«,py), and also 


IA 


|| Dulli2(a(e,42 ny) SNE Pull r2(a(w,z)) 
< const ( ———— ul 
Ni To YU I Lp 
= (l-o)R° G2) (10.1.10) 
+(1-o)R\lfllr2(a~,R)) ) 
Inequalities (10.1.9) and (10.1.10) yield 
9 1 
Peel r2ce@or)) < const | Ilflli2~a(e.ry) + Ga ore |lleaae,ny )- 
(10.1.11) 
In (10.1.11) we put o = 4, and we cover 2’ by a finite number of balls 
B(a, R/2) with R < dist(2’,02) and obtain (10.1.7) for u € O7(2). 


For the general case u € W!?(Q), we consider the mollifications up, de- 
fined in Appendix 12.3. Thus, let 0 < h < dist(.2’,02). Then 


Q 


and since up, € C™(2), also 
Aun = fa. 
By Lemma A.3, 
un — ull, [fa — flleaqay > O. 


In particular, the u;, and the f;, satisfy the Cauchy property in L?(Q). We 
apply (10.1.7) for up, — up, to obtain 


lun, — Urallyy22cay < const (luun, — tell z2¢0) + llfin — Frellz2¢a) - 


Thus, the up, satisfy the Cauchy property in W?:?(Q’). Consequently, the 
limit uw is in W?-?(Q') and satisfies (10.1.7). 
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If now f € W!?(2), then, because u € W??(Q’) for all Q’ CC 2, Diu is 
a weak solution of ADju = D;f in Q’. We then obtain Dju € W?:?(Q”) for 
all 2” Cc OM, ie., ue W??(2"). Iteratively, we thus obtain a new proof of 
Theorem 9.2.2, which we now recall: 


Theorem 10.1.3: Let u € W!?(2) be a weak solution of Au = f. Then 
u € W*+?2(9) for all 29 CC Q, and 


lull wrs+2.2(099) S const ([lellzaceay + Ifllwsacay) » 


with a constant depending on k,d,Q, and Qo. 


In the same manner, we also obtain a new proof of Corollary 9.2.1: 


Corollary 10.1.1: Let u € W'?(2) be a weak solution of Au = f, for 
f €C®(Q). Then u € C™(2). 


Proof: Theorems 10.1.3 and 9.1.2. 


10.2 A Survey of the L?-Regularity Theory and 
Applications to Solutions of Semilinear Elliptic 
Equations 


The results of the preceding section are valid not only for the exponent p = 2, 
but in fact for any 1 < p < oo. We wish to explain this result in the present 
section. The basis of this L?-regularity theory is the Calderon—Zygmund in- 
equality, which we shall only quote here without proof: 


Theorem 10.2.1: Let 1 <p < oo, f € L?(2) (Q Cc R¢ open and bounded), 
and let w be the Newton potential (10.1.1) of f. Then w € W??(Q), Aw = f 


almost everywhere in 92, and 
PP coca) < e(d,p) If lle» cay ’ (10.2.1) 


with the constant c(d,p) depending only on the space dimension d and the 
exponent p. 


In contrast to the case p = 2, i.e., Theorem 10.1.1 above, where c(d, 2) = 1 
for all d and the proof is elementary, the proof of the general case is relatively 
involved; we refer the reader to Bers—Schechter [1] or Gilbarg—Trudinger [9]. 


The Calderon—Zygmund inequality yields a generalization of Theorem 10.1.2: 


Theorem 10.2.2: Let u € W!1(Q2) be a weak solution of Au = f, f € 
TP(Q),1<p<o, ie, 
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[ou -_De= -[ te for all p € CO°(2). (10.2.2) 
Then u € W*?(Q') for any 2! CC Q, and 


lull w2.0ca9 S const (lull z»¢0) + lif llzocay) + (10.2.3) 
with a constant depending on p,d, Q', and Q. Also, 
Au=f almost everywhere in Q. (10.2.4) 


We do not provide a complete proof of this result either. This time, how- 
ever, we shall present at least a sketch of the proof: 
Apart from the fact that (10.1.8) needs to be replaced by the inequality 


Pele cae.ry) S const lAvllro(a(2,r)) (10.2.5) 


coming from the Calderon—Zygmund inequality (Theorem 10.2.1), we may 
first proceed as in the proof of Theorem 10.1.2 and obtain the estimate 


1 
2 
||P Ulli (a(@,R)) < const ( IIfllce(ece,ry + (l—o)R [Dull ro e(e,242 R)) 


1 
Tmo lel aeecesn) (10.2.6) 
for 0 < o < 1, B(a,R) C 2. The second part of the proof, namely the 
estimate of || Dul|,,, however, is much more difficult for p # 2 than for p = 
2. One needs an interpolation argument. For details, we refer to Gilbarg— 
Trudinger [9] or Giaquinta [8]. This ends our sketch of the proof. 


The reader may now get the impression that the L?-theory is a technically 
subtle, but perhaps essentially useless, generalization of the L?-theory. The 
L?-theory becomes necessary, however, for treating many nonlinear PDEs. 
We shall now discuss an example of this. We consider the equation 


Au +I°(u)|Dul? =0 (102.7) 


with a smooth I’. We also require that [’'(u) be bounded. This holds if we 
assume that I" itself is bounded, or if we know already that our (weak) 
solution u is bounded. 

Equation (10.2.7) occurs as the Euler-Lagrange equation of the varia- 
tional problem 


I(u) := | g(u(a))|Du(ax)|? dx + min, (10.2.8) 


with a smooth g that satisfies the inequalities 
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0<A-< gu) = A< om, |9'(o)| <b < oo (10.2.9) 


(g' is the derivative of g), with constants A, A, k, for all v. 
In order to derive the Euler-Lagrange equation for (10.2.8), as in Sec- 
tion 8.4, for yp € Ao. t € R, we consider 


I(u+ ty) = | g(u + ty)|D(u + ty)|? dx. 
2 
In that case, 


d 


= / (-200.20 —2 a Dig(u)Diu + g'(u) i) yp dx 


= / (—2g(u) Au — g!(u)|Dul?) v dex 


after integrating by parts and assuming for the moment u € C?. 

The Euler-Lagrange equation stems from requiring that this expression 
vanish for all yp € Hoa), which is the case, for example, if wu minimizes 
I(u) with respect to fixed boundary values. Thus, that equation is 


g'(u) 2 


With P'(u) := £0, we have (10.2.7). 
In order to apply the L?-theory, we assume that u is a weak solution of 


(10.2.7) with 


u€W*P(Q) for some p; >d (10.2.11) 


(as always, 2 C R¢, and so d is the space dimension). 

The assumption (10.2.11) might appear rather arbitrary. It is typical 
for nonlinear differential equations, however, that some such hypothesis is 
needed. Although one may show in the present case? that any weak solution 
u of class W!:?(Q2) is also contained in W!?(2) for all p, in structurally simi- 
lar cases, for example if u is vector-valued instead of scalar-valued (so that in 
place of a single equation, we have a system of—typically coupled—equations 
of the type (10.2.7)), there exist examples of solutions of class W!?(Q) that 
are not contained in any of the spaces W':?(Q) for p > 2. In other words, 
for nonlinear equations, one typically needs a certain initial regularity of the 
solution before the linear theory can be applied. 


? See Ladyzhenskya and Ural’tseva [17] or the remarks in Section 12.3 below. 
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In order to apply the L”-theory to our solution wu of (10.2.7), we put 
f(a) := —I'(u(x))|Du(2)|?. (10.2.12) 


Because of (10.2.11) and the boundedness of I'(u), then 


fel? (), (10.2.13) 
and wu satisfies 
Au=f in. (10.2.14) 
By Theorem 10.2.2, 
u & W2?1/2(9') for any 2 CC 2. (10.2.15) 


By the Sobolev embedding theorem (Corollary 9.1.1, Corollary 9.1.3, and 
Exercise 2 of Chapter 9), 


ue W'P2(2') for any 2 Cc O, (10.2.16) 
with 
PL 
p2 = q-2 >p, because of p, > d. (10.2.17) 
Thus, 
feEL?(Q) forall ccn, (10.2.18) 


and we can apply Theorem 10.2.2 and the Sobolev embedding theorem once 
more, to obtain 


e d 
ue WwW? AW? (Q') with ps = = > po (10.2.19) 
2 


for all Q’ Cc 2". Iterating this procedure, we finally obtain 
u € W?4(’) for all g. (10.2.20) 


We now differentiate (10.2.7), in order to obtain an equation for Dju, i = 
i Pera 


ADju + I'(u)Dju|Dul? + 2P(u) $5 DjuD,ju = 0. (10.2.21) 


This time, we put 


f := I" (u)Djyu|Dul? — 20 (u D,uD;;u. 10.2.22 
J | 
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Then 
|f| < const (|Du|? + |Dul|D?ul), 
and because of (10.2.20) thus 
f € L?(2’) for all p. 
This means that v := D;u satisfies 
Av=f with f € L?(2’) for all p. (10.2.23) 
By Theorem 10.2.2, we infer 


v € W??(Q') for all p, 


u € W*?(') for all p. (10.2.24) 


We differentiate the equation again, to obtain equations for Djju (i,7 = 
1,...,d), apply Theorem 10.2.2, conclude that u € W*?('), etc. Iterating 
the procedure again (this time with higher-order derivatives instead of higher 
exponents) and applying the Sobolev embedding theorem (Corollary 9.1.2), 
we obtain the following result: 


Theorem 10.2.3: Let u € W1?1(Q), for p, > d (Q C R®), be a weak 
solution of 


Au +I°(u)|Dul? =0 
where I’ is smooth and I'(u) is bounded. Then 


u € C%(). 


The principle of the preceding iteration process is to use the information 
about the solution u derived in one step as structural information about 
the equation satisfied by u in the next step, in order to obtain improved 
information about u. In the example discussed here, we use this information 
in the right-hand side of the equation, but in Chapter 12 we shall see other 
instances. Such iteration processes are typical and essential tools in the study 
of nonlinear PDEs. Usually, to get the iteration started, one needs to know 
some initial regularity of the solution, however. 
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Summary 
A function u from the Sobolev space W?:?(Q2) is called a strong solution of 
Au = f 


if that equation holds for almost all x in 2. 

In this chapter we show that weak solutions of the Poisson equation are 
strong solutions as well. This makes an alternative approach to regularity 
theory possible. 

More generally, for a weak solution u € W'1(2) of 


Au= f, 


where f € L?(92), one may utilize the Calderon—Zygmund inequality to get 
the L?-estimate for all 2. Cc 22, 


lull w22(a < const (lull roca) + IF llzecay)- 


This is valid for all 1 < p < oo (but not for p = 1 or p= ov). 
This estimate is useful for iteration methods for the regularity of solutions 
of nonlinear elliptic equations. For example, any solution u of 


Au + P(u)|Dul? =0 


with regular I" is of class C™°(2), provided that it satisfies the initial regu- 
larity 


u€W!'?(Q) for some p > d (= space dimension). 


Exercises 


10.1 Using the theorems discussed in Section 10.2, derive the following result: 
Let u € W!?(22) be a weak solution of 


Au= f, 


with f € W*?(Q) for some k > 2 and some 1 < p < oo. Then u € 
W*+2:P(Q9) for all Q CC Q, and 


I||l we+2. 4%) < const (lull nce) 7 IlUllwe.e (ay) 
20.2 Consider the map 
u: B(0,1)(c R%) > R’, 


x 
Oia os aa er 
Iz 
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Show that for d > 3, u € W!-?(B(0, 1), R%) (this means that all compo- 
nents of u are of class W!:?). Show, moreover, that u is a weak solution 
of the following system of PDEs: 


d 
Au” + u® SC |Dju?|? =0 for a=1,...,d. 
i,B=1 


Since u is not continuous, we see that solutions of systems of semilinear 
elliptic equations need not be regular. 


11. The Regularity Theory of Schauder and 
the Continuity Method 
(Existence Techniques IV) 


11.1 C°%-Regularity Theory for the Poisson Equation 


In this chapter we shall need the fundamental concept of Hélder continuity, 
which we now recall from Section 9.1: 


Definition 11.1.1: Let f: 24 R, 2% € 2,0<a< 1. The function f is 
called Holder continuous at xp with exponent a if 


IM(2) = Feo)! oo, (11.1.1) 


Moreover, f is called Holder continuous in QQ if it is Holder continuous at 
each x9 € 2 (with exponent a); we write f € C%(2). If (11.1.1) holds for 
a=1, then f is called Lipschitz continuous at x9. Similarly, C’*(Q) is the 
space of those f € C*(Q) whose kth derivative is Hélder continuous with 
exponent a. 


We define a seminorm by 


lf(z) — fy)| 
é = sup: ————_—_.. 11.1.2 
Ifloe(a) ares ( ) 
We define 
IIflloa¢a) = If lleoca) es lfloa(a) 
and 


I fllowecay 


as the sum of || f|| Gx q) and the Hélder seminorms of all kth partial derivatives 


of f. As in Definition 11.1.1, in place of C°:*, we usually write C®. The 
following result is elementary: 


Lemma 11.1.1: If f;, fo € C°*(G) on GC R4, then fifo € C*(G), and 


lfifeloa(a) < (sup) lfaloa(ay - (sup rl) Ifiloa(ay - 
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Proof: 
[fi(z) fa(x) — AW fl - fle) — Aly) 


=a? =~ ey 


| fo(x) — fa(y) 
lz — y| 


2 
= 
< 
& 


fae) | 4 


which directly implies the claim. 


Theorem 11.1.1: As always, let QC R@ be open and bounded, 


w(x) = f Teulada. (11.1.3) 
where I’ is the fundamental solution defined in Section 1.1. 
(a) If f € L(Q) (i.e, suppeg|f(z)| < 00),! then u € Ch*(2), and 
lullcu.e(ay Ser sup|f| for a € (0,1). (11.1.4) 
(b) If f € C§(Q), then u € C?:*(2), and 
lullczea) S$ eallfllcacay for0<a<1. (11.1.5) 


The constants in (11.1.4) and (11.1.5) depend on a, d, and |Q|. 


Proof: (a) Up to a constant factor, the first derivatives of u are given by 
ai — y' 


qf(y)dy (i=1,...,d). 


u' (a) = 
a |x—y| 


From this formula, 
ry! 


d 
|z2 — y| 


|v*(w1) — v"(x2)| < sup [f+ f dy. (11.1.6) 
Kp: Q 


wy 
d 
|z1 — y| 


By the intermediate value theorem, on the line from 7, to x2 there exists 
some x3 with 
=f 3-9 


d d| — 
ljt1—y|  |wa—y| 


C3 ary = L2| 


(11.1.7) 


ae 
|z3 — y| 


We put 6 := 2|x, — x9]. Since 2 is bounded, we can find R > 0 with 
2 C B(«#3, R), and we replace the integral on 2 in (11.1.6) by the integral 
on B(a3, R), and we decompose the latter as 


| =} +f 254%, (11.1.8) 
B(a3,R) B(a3,0) B(x3,R)\B(ax3,5) 
1 


“sup” here is the essential supremum, as explained in Appendix 12.3. 
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where without loss of generality, we may take 6 < R. We have 
1 
B(as,6) |v3 — y| 


and by (11.1.7) 
Ip < c40(log R — log 0), (11.1.10) 
and hence 
Kt Ip <c5|21 —29|* for any a € (0,1). 
This proves (a), because obviously, we also have 


|v*(z)| < cesup| fl. (11.1.11) 


(b) Up to a constant factor, the second derivatives of u are given by 
ij i) (od 1 
w(x) = / (le yl dig — a (a —y") (2 y’)) i aa tv) dy; 
t—Y 
however, we still need to show that this integral is finite if our assumption 
f € C§(2) holds. This will also follow from our subsequent considerations. 
We first put f(z) = 0 for « € R¢ \ Q; this does not affect the Hélder 


continuity of f. We write 


K(x 9) = (|e yl? &j —a(a‘-y') (2 -y’)) 
_ 2 (a-¥ 
(Ont \ |e — yl] 
We have 


yy iy? yy! 
| K(y)ay = [ ie al -f Road (12) 
Ri<ly|<Re lyl=Ro 42 |y| lyj=Ri 41 |y| 


= 0, 
since ay is homogeneous of degree 1 — d. Thus also 
K(y)dy = 0. (11.1.13) 
Rd 
We now write 
w(x) = , K(a— y)f(y)dy (11.1.14) 
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by (11.1.13). As before, on the line from 21 to x2 there is some x3 with 


C7 \a4 — £2| 
a ° 


|K(a1 —y)- K(@2—y)| S 


(11.1.15) 


x3 = 


We again put 


and write (cf. (11.1.14)) 
w') (x1) — w) (a2) 
at {(f(y) — f(v1)) K (a1 — y) — (f(y) — F(@2)) K (wa — yt dy 


= qi =F Ip, 
(11.1.16) 


where J; denotes the integral on B(x1,5), and Iz that on R?\ B(x1, 6). Since 
f(y) — f(@) < Ilfllow |e — yl, it follows that 


Al <lllow ff Pe y) |i — yl* — K (x2 — y) [x2 — yl"} dy 
£1, 


Ses IIfllca + 6. 
(11.1.17) 


Moreover, 
he | (F(a2) — f(r) K (er — y) dy 
R4\ B(aw1,6) 
+/ (f(v) — flea) (K(es —y) — K (0a —y)) dy, (1.1.18) 
R?@\ B(x1,6) 


and the first integral vanishes because of (11.1.12). Employing (11.1.15), and 
since for y € R@ \ B(x, 6), 


it follows that 


\I2| < €109 lf loa i. Jey — yl 2 * < e467 If lloa « VEL 1g) 


(a1, 


Inequality (11.1.5) then follows from (11.1.16), (11.1.17), (11.1.19). 


Theorem 11.1.2: As always, let QC R@ be open and bounded, and 2Q9 CC 
Q. Let u be a weak solution of Au= f in 2. 
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(a) If f € C°(Q), then u € C*(Q), and 

lull ora(ag) $12 (IF lloocay + llullz2q@)) (11.1.20) 
(b) If f € C°(Q), then u € C?*(Q), and 

lull c2.a(ay S cis (Illoacay + lula) ' (1) 
Remark: The restriction 0 < a@ < 1 is essential for Theorem 11.1.2, as well 


as for the subsequent results. For example, in some neighborhood of 0, the 
function 


u (2,22) = [2 fo®|Jog (|2"| + [22 
satisfies the inequality 
|u| + |Au| < const, 


. . . . 2 . 
while the mixed second derivative a “f aa? behaves like 


log ("| + |2*]) . 


Consequently, the C!!-norm of u cannot be controlled by pointwise bounds 
for f := Au and u. 


Proof: We demonstrate the estimates (11.1.20) and (11.1.21) first under the 
assumption u € O?:*(Q2). We may cover 9 by finitely many balls that are 
contained in 92. Therefore, it suffices to verify the estimates for the case 


2 = B(0,r), 
Q=BiO,R), O<r<R<mw. 


Let 0 < R, < Ry < R. We choose some 7 € C§°(B(0, Re)) with 0< 7 <1, 
n(x) = 1 for |x| < Ri, and 


IInlloke(B(0,Ra)) S C14(Re — Ri) **. (110,22) 
We put 
o:= nu. (11.1.23) 


Then ¢ vanishes outside of B(0, R2), and by (1.1.7), 
a(e) = f P(e.» Aeu)ay. (111.24) 
Q 


Here, 
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Ad = nAu+ 2Du- Dn+uAn, (11.1.25) 
and so 
|Adllco < ||Aullco + e1s IInlle2« Iellen (1.1.26) 
and by Lemma 11.1.1 
Adllca S e16 IInllo2.0 (WAulloa + [lullere)» (1.1.27) 


where all norms are computed on B(0,R2). From Theorem 11.1.1 and 
(11.1.26) and (11.1.27), we obtain 


IIPlloue < e17 (lAulleo + IInllee lullox) (11.1.28) 


and 


Pllore S ers IInllc2.e (WAUllca + [lullcre); (11.1.29) 
respectively. Since u(x) = (x) for |a| < R1, and recalling (11.1.22), we 


obtain 


1 
Ilullo1.0(B0,R1)) < cig (IA coce%0.00 a (Ro — Bi)? Ielx¢a0,20) 
(11.1.30) 


and 


1 
IlIlc2.0(8(0,R1)) S (20 R, — Reta (Aull ca (0,0) 7 lel o.9(3(0,R0))) 
(11.1.31) 


respectively. 
We now interrupt the proof for some auxiliary results: 


Lemma 11.1.2: 
a) There exists a constant cq such that for every p > 0 and any function 
v € C'(BO, p)) 


lvllco(B(0,0)) < I|Dullco(Bco,)) + Call” || 22(B(0,0))- (11.1.32) 


b) There exists a constant cp such that for every p > 0 and any function 
ve Ch*(B(0, p)) 


lullox(Beo,p)) S |Dule=(Be,p)) + collullz2(B0,0)) (11.1.33) 


(here, |Du|ca is the Holder seminorm defined in (11.1.2)). 
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Proof: If a) did not hold, for every n € N, we could find a radius p, and a 
function vp, € C1(B(0, pn)) with 


1= \|n||C°(B(0,pn)) > || Dvn ||c°(B(0,pn)) + |Un||72(B(0,pn))- (11.1.34) 


We first consider the case where the radii p, stay bounded for n — oo in 
which case we may assume that they converge towards some radius pp and 
we can consider everything on the fixed ball B(0, po). 

Thus, in that situation, we have a sequence v, € C'(B(0,po)) for which 
||n||c2(B(0,p0)) is bounded. This implies that the vp, are equicontinuous. By 
the theorem of Arzela-Ascoli, after passing to a subsequence, we can as- 
sume that the v, converge uniformly towards some vp € C°(B(0,p)) with 
\|vo||co(B(0,99)) = 1. But (11.1.34) would imply ||vo||z2(B(0,05)) = 0, hence 
v = 0, a contradiction. 

It remains to consider the case where the p,, tend to co. In that case, we use 
(11.1.34) to choose points x, € B(0,p,) with 


1 1 
[ta (Sn) | = 5 lenllco(BO.on)) = 2 (11.1.35) 


We then consider wy(x) := Un(% + Ln) so that w,(0) > 5 while (11.1.34) 
holds for w, on some fixed neighborhood of 0. We then apply the Arzela- 
Ascoli argument to the w,, to get a contradiction as before. 

b) is proved in the same manner. The crucial point now is that for a sequence 
Un for which the norms ||v,,||c1.« are uniformly bounded, both the v,, and their 


first derivatives are equicontinuous. 


Lemma 11.1.3: 
a) For e > 0, there exists M(e) (< 00) such that for all u € C'(B(0,1)) 


|||] c0(B(0,1)) <eé \|u||c2(B(0,1)) + M(e) ||| 22(B0,1)) (11.1.36) 
for allu € Cl. Fore > 0, 
M(e) < const.e~¢, (11.1.37) 


b) For every a € (0,1) and e > 0, there exists N(e)(< 00) such that for all 
u € Cl*(B(0,1)) 


\|u\|c2(B(0,1)) < E || u||c1-«(B(0,1)) + N(e) ||| 22 (B(0,1)) (11.1.38) 
for allueé Cl. Fore 30, 
N(e) < const.e~ “=. (11.1.39) 


c) For every a € (0,1) and e > 0, there exists Q(e) (< 00) such that for all 
u € C**(B(0, 1)) 
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lullor(Bory) S €lluller« Bor) + QE) llullz2(B00,0) (11.1.40) 
for allu € C1). For e 3 0, 
Oe) < const.e- 7? ™. (11.1.41) 
Proof: We rescale: 
up(x) = u(s) uy: B(0,p) +R. (11.1.42) 
(11.1.36) then is equivalent to 


Ileplloo(B(0,0)) < ep lluplle:ee.p)) + Me)“ |ullz2(Beo,p))- (11.1.4) 


We choose p such that ep = 1, that is, p = e~! 


This shows (11.1.43), and a) follows. 
For b), we shall show 


and apply a) of Lemma 11.1.2. 


|Dulloo(Bioay) < €|Dulea(aeo,1)) + N() |lullz2(e(0,1)- (11.1.44) 
Combining this with a) then shows the claim. We again rescale by (11.1.42). 
This transforms (11.1.44) into 

|| Dupllco(Be,.)) < €p*|Dulca(Be,)) + N(6)e* * llull2(8@,0))- (11.1.45) 


We choose p such that ep* = 1, that is, p = e-= and apply a) of Lemma 
11.1.2. This shows (11.1.45) and completes the proof of b). 
c) is proved in the same manner. 


We now continue the proof of Theorem 11.1.2: 
For homogeneous polynomials p(t), q(t), we define 


Al: 


sup p(R—r)||Ullor.(B(o,r)) » 
0<r<R 


Ao: 


ee QR — 1) llullor.«(B@,r)): 
For the proof of (a), we choose R, such that 

A; < 2p(R — Ri) |lullou.e(Be,R))? (11.1.46) 
and for (b), such that 

Ag < 2q(R— Ri) |lullo2.0(B(0,R4)) « (11.1.47) 


(In general, the R, of (11.1.46) will not be the same as that of (11.1.47).) 
Then (11.1.30) and (11.1.38) imply 
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€ 
A, < ca p(R - Ri)( || Aull co(B(0,22)) + (=e Ill c1.2(B(0,R2)) 


1 
a (Ry R, 2) lellze~oeo,ray J 
p(R- Ri) & 


<c¢ ‘ vA 
~' o(R—R2) (R2— Ri)? ~~ 


p(t — Ri) 
(Ro — Ri)? Ill 52(B(0,R2)) ; 


(11.1.48) 


+ ¢23 p(R — Ri) || Aul|co(B(0,r2)) + C24 N(E) 


We choose Rg = Se. € (Ri, R). Then, because the polynomial p is 


homogeneous, 
P(R—-Ri) _ p(R—-R1) 


p(R-R2)  p(45*) 
is independent of R and R,. Therefore, 


_ (Ro — Ri)? p(R— Ri) 2 
= 2€94 p(R aad Ro) Os ie a) 


and 
2(d+1) 


N(e) ~ (R—- Ri) 
by Lemmma 11.1.2 b). Thus, when we choose 


p(t) =t es 


the coefficient of ||u||72((0,z2)) in (11.1.48) is controlled. 
Thus, finally 


1 
lel cr. (B(o,r)) S$ FRa At 
mu PR 1) (11.1.49) 
< C25 (Aull cos(o,2y sl lull2oo.my) ; 
with a constant that now also depends on the radii occurring. 
In the same manner, from (11.1.31) and (11.1.40), we obtain 
Ilellc2.«(B(0,r)) S C26 (Aull ca 2(o,n) + lullz2~we.zy) (11.1.50) 


for 0 <r < R. Since Au = f, we have thus proved (11.1.20) and (11.1.21) 
for u € C?*(Q). 

For u € W!?(Q) we consider the mollifications u;, as in Lemma A.2 of 
the Appendix. Let 0 < h < dist(, 02). Then 


Duyn - Dv = -| frv for all v € Ho?(2), 
Q Q 
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and since up, € C™, also 


Aun = fn- 
Moreover, by Lemma A.2, 
IIfn — fico + 9, 
and with an analogous proof, if f € C°({2), 
IIfn — flow 4 0. 


For h + 0, the f;, therefore constitute a Cauchy sequence in C°(Q2) or C%(). 
Applying (11.1.20) and (11.1.21) to up, — un,, we obtain 


lens — hall ora(sag) S C27 (Ifa — Fralloocny + lltuns — Ural 20) 
(11.1.51) 


or 


lun, Uns IIo2.0 2 < C28 ll fr Fhalloe Q lun, Uno ll 2 Q : 


The limit function u thus is contained in C!:*(Q) or C?*“(Q), and satisfies 
(11.1.20) or (1.1.21). 


Part (a) of the preceding theorem can be sharpened as follows: 
Theorem 11.1.3: Let u be a weak solution of Au = f in Q (Q a bounded 
domain in R*), f € L?(Q) for some p > d, 29 CC Q. Then u€ Ch*(Q) for 
some a that depends on p and d, and 


Ilell c1.0(@) S const (Ifllzecay + lull zacay ) - 
(20) (2) (2) 


Proof: Again, we consider the Newton potential 
and 


Using Holder’s inequality, we obtain 


pol 


i dy ° 
[o*(z)| < Ifll zea) (/ — ss | : 


and this expression is finite because of p > d. In this manner, one also verifies 
that srw = constu’ and obtains the Holder estimate as in the proof of 
Theorem 11.1.1(a) and Theorem 11.1.2(a). 
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Corollary 11.1.1: If u¢ W!?(Q) is a weak solution of Au = f with f € 

C®(2), KEN, 0O<a<1, thenu € C*t?,°(2Q), and for 29 CC 2, 
lull crt 2.0(29) S const ([Ifllomacay + llullzea) - 

If f € C™%(Q), so is u. 

Proof: Since u € C?“(Q2) by Theorem 11.1.2, we know that it weakly solves 


0 0 
Oat Dai! 
Theorem 11.1.2 then implies 
O 
—ue C2) Ge f{i,...,d}), 
Ox? 


and thus u € C*:*(Q). The proof is concluded by induction. 


11.2 The Schauder Estimates 


In this section, we study differential equations of the type 


y= Dae rule) > vH(2)!) 4. efa)ufa) = fle) (11.2.1) 
” ae : ent Re 2. 


in some domain 2 C R?. We make the following assumptions: 
(A) Ellipticity: There exists \ > 0 such that for all x € 2, € € R4, 


d 
2a wij > IEP 


Moreover, a’ (x) = a!*(x) for all i,j, x 
(B) Hélder continuous coefficients: There exists K < oo such that 


Ila"? leaqay ‘lleecay: llellca(a) SK 
for all 2,7. 
The fundamental estimates of J. Schauder are the following: 
Theorem 11.2.1: Let f € C%(Q), and suppose u € C?*(2Q) satisfies 
Lu=f (11.2.2) 


in Q (0<a<1). For any 29 CC 22, we then have 


lallcxe(ia) $4 (Ilflloacay + ella) (11.2.3) 


with a constant cy depending on 02, 2,a,d,A,K. 
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For the proof, we shall need the following lemma: 


Lemma 11.2.1: Let the symmetric matrix (AY); j=1,...,.4 satisfy 


d 
AEP < So AMEE; < AE? for all € € Rt (11.2.4) 
ij=l 
with 
0<A<A<oc. 


Let u satisfy 


d 


. OPu 
ij = 
) A adel = f (11.2.5) 


tg=1 


with fe C%(2) (0<a<1). For any 29 CC 2, we then have 


Il] 2.0%) < C2 (flloa¢e) + lullzacay) : (11.2.6) 


Proof: We shall employ the following notation: 


=1,..., 


If B is a nonsingular d x d-matrix, and if y:= Bx,v:= uo B, ie., v(y) = 
u(x), we have 


AD?u(a) = AB‘ D?v(y)B, 
and hence 
Tr(AD?u(x)) = Tr(BAB*D?v(y)). (11.2.7) 


Since A is symmetric, we may choose B such that B’A B is the unit matrix. 
In fact, B can be chosen as the product of the diagonal matrix 


Ai? 
D = 
Aa 
(A1,..-,;Aq being the eigenvalues of A) with some orthogonal matrix R. In 
this way we obtain the transformed equation 
Av(y) = f (By). (11.2.8) 


Theorem 11.1.2 then yields C?:*-estimates for v, and these can be trans- 
formed back into estimates for u = vo B. The resulting constants will also 
depend on the bounds 4, A for the eigenvalues of A, since these determine 
the eigenvalues of D and hence of B. 
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Proof of Theorem 11.2.1: We shall show that for every xo € Qo there exists 
some ball B(ao,r) on which the desired estimate holds. The radius r of this 
ball will depend only on dist(2, 0) and the Holder norms of the coefficients 
a,b’, c. Since Q is compact, it can be covered by finitely many such balls, 
suid fig yields the estimate in (2. 
Thus, let x9 € 2%. We rewrite the differential equation Lu = f as 


ss - OPul(x 
ye al (x jo =~ Ds (a? (xo) — a” (x)) oa) 


iJ 


: (11.2.9) 
Se) Gar — eae) +0 
= ce 
If we are able to estimate the C°-norm of y, putting A’? := a’I (a9) and 


applying Lemma 11.2.1 will yield the estimate of the a ‘norm of u. The 
crucial term for the estimate of y is )>(a) (x9) —a") (x)) 52 ee, Let B(x, R) Cc 
92. By Lemma 11.1.1 


- F 07 u(x) 
» (a "(xo) —a "(2)) Ox'Axi 
a C#(B(xo,R)) 
< sup a’) (xo) — a4 (x)| |D? ul. 
i,j,c€ B(2o,R) | | | le (B(xo,R)) 


+52 a" | ieiesece n'y cam |D?u|. (1.2.10) 
aj 


Thus, also 
Oru 
a’) ( i, 
2 ina) ate ” Fava Ox*Oxt C#(B(2xo,R)) 


where c3 in particular depends on the C’°-norm of the a’. 
Analogously, 


2) Xn a Eee (11.2.12) 
i eens 
I|e(x) uz) || Co (B(9,R)) Ss C5 Ill oo (B(a0,R)) . (11.2.13) 
Altogether, we obtain 
lIellce(pieo,ny) S Sup [a"?(x0) — a¥(x)| [lull cx. (B(@0,R)) 


i,j,c€B(xo,R) 


+ 66 |lUllc2(B(29,R)) + IF lloa(B(2o,R)) * (11.2.14) 
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By Lemma 11.2.1, from (11.2.9) and (11.2.14) for 0 < r < R, we obtain 


Ile4ll 2,0 <e, sup [a (a) — a? (2)| |lull gra 
een ke | llc paso) 


Since the a‘ are continuous on 2, we may choose R > 0 so small that 


C7 sup a’ (xo) - a") (x)| < (11.2.16) 


1 
i,j,c€ B(xo,R) 2 


With the same method as in the proof of Theorem 11.1.2, the corresponding 
term can be absorbed in the left-hand side. We then obtain from (11.2.15) 


Ill] 02. (B(a0,R)) < 2cg Ill c2(B(0,R)) + 2c9 IIflloa(B(wo,R)) : (11.2.17) 
By (11.1.40), for every ¢ > 0, there exists some Q(e) with 


Ile] 02(B(9,R)) <e Ill 02.0(B(a9,R)) + Q(e) Ilull c2(8(@0,R)) : (11.2.18) 


With the same method as in the proof of Theorem 11.1.2, from (11.2.18) and 
(11.2.17) we deduce the desired estimate 


Ilull c2.0(B(e9,R)) S C10 (Ilfllca(B(wo.R)) ~ lelz2(aeo.mp) . (112.19) 


We may now state the global estimate of J. Schauder for the solution of the 
Dirichlet problem for L: 


Theorem 11.2.2: Let Q C R®@ be a bounded domain of class C?** (anal- 
ogously to Definition 9.8.1, we require the same properties as there, except 
that (iti) is replaced by the condition that ¢ and ¢~' are of class C?*~). Let 
f € C%(2), g € C**(Q) (as in Definition 9.3.2), and let u € C?*(Q) satisfy 


Lu(x) = f(x) forxe 2, 


u(x) = g(x) for x € 0. nee) 


Then 
IluI]c2,0(@) Seu (Il lloagay ar IIgllc2.e(@) + lullzacay) ’ (11.2.21) 


with a constant cy, depending on 2,a,d,X, and K. 


The Proof essentially is a modification of that of Theorem 11.2.1, with 
modifications that are similar to those employed in the proof of Theo- 
rem 9.3.3. We shall therefore provide only a sketch of the proof. We start 
with a simplified model situation, namely, the Poisson equation in a half 
ball, from which we shall derive the general case. 
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As in Section 9.3, let 
BO, RS 4g (oe) ee] Ae 0). 
Moreover, let 


O° B*(0, R= OB*(0, BR) iia" =01, 
dt B* (0, R) := OB*(0, R) \ 0°B* (0, R). 


We consider f € C® (BO, R)) with 


f=0 ond*Bt(0,R). 
In contrast to the situation considered in Theorem 11.1.1(b), f no longer must 


vanish on all of the boundary of our domain 2 = Bt(0,R), but only on a 
certain portion of it. Again, we consider the corresponding Newton potential 


u(x) = I(x, y)f(y)dy. (11.2.22) 
B+(0,R) 


Up to a constant factor, the first derivatives of u are given by 


vo-f ae a Nag hana, (1.2.23) 


and they can be estimated as in the proof of Theorem 11.1.1(a), since there, 
we did not need any assumption on the boundary values. 
Up to a constant factor, the second derivatives are given by 


wil(a) = f (24) sam (=w (a). (1.2.24) 
: | 


+(0,R) O07 \ a —y 


For K (a y) = 3% (8 7); and i# dor j #d, 


Westies K(y)dy =0 (11.2.25) 
y4>0 
by homogeneity as in (11.1.12). Thus, for « #4 d or j 4 d, the a-Holder 


norm of the second derivative 5 a wu can be estimated as in the proof of 
Theorem 11.1.1(b). The differential equation Au = f implies 


2 d—1 2 
= u=f ar 5 u, (11.2.26) 


and so we obtain estimates for the a-Hélder norm of cou as well. We can 
thus estimate all second derivatives of wu. 
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As in the proof of Theorem 11.1.2, we then obtain C?°-estimates in 
B*(0, R) for solutions of 


Au=f in Bt(0,R) with fec* (BF. R)) 


(11.2.27) 
u=0 on 0°B*(0, R), 
forO<r< R: 
Ill o2,0(B+(0,r)) S C12 (Ilflloeca+(o,ny - lulzeo+eo.r)) (11.2.28) 


Namely, putting 
p= Tu 


as in (11.1.23) with the same cutoff function as in (11.1.22), we have y = 0 
on OB*(0, R2) (0 < Ri < Rz < R), since 7 vanishes on 0* B*(0, Ro), and u 
on 0°Bt (0, Rz). Thus, again 


ole) = | P(e, Aely)dy 
B+(0,R) 


is a Newton potential, and the preceding estimates can be used to deduce 
the same result as in Theorem 11.1.2: For 0 <r < R, 


lalloaaca+(ony) $413 (IIflloace+(o,ny) + llullzaca+o,ny)- —_‘(11.2.29) 

We next consider a solution of 
Au=f in B*(0,R) with feC*(B¥OR)), (1.2.30) 
u=g ond°Bt(0,R) with g € C2 (B*@,R)) (11.2.31) 


As in Section 9.3, we put u := u—g. We see that wu satisfies 
Au = f —Ag=:fec? (BO, R)) in B+ (0, R), 
u = 0 on 0°B*(0, R). 


We have thus reduced our considerations to the above case (11.2.27), and so, 
from (11.2.29), we obtain 


lelle2ecpt(o,ry) < lAlle2.0(8+(0,r)) + lI9lle2.«(B+(0,r)) 
< cu ||lFlloaca+(o,ay + lll aca+(0,2) + lslleaa(e+0.n)| 


S C15 IIflloega+(o,ny + II9llc2.e(B+(0,r)) + lulrao+eo.ry| : 
(11.2.32) 
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In order to finally treat the situation of Theorem 11.2.2, as in Section 9.3, 
we transform a neighborhood U of a boundary point 2p € OQ with a C?°- 
diffeomorphism ¢ to the ball B(0, R), such that the portion of u that is 
contained in 2 is mapped to B*(0, R), and the intersection of U with 02 
is mapped to 0°B*(0, R). Again, a := uo d+ on Bt (0, R) satisfies a dif- 
ferential equation of the same type as Lu = f, Li= ¢ , again with different 
constants \, K in (A) and (B). By the preceding considerations, we obtain a 
C?*-estimate for a in B*(0, R/2). Again ¢ transforms this estimate into one 
for u on a subset U’ of U. Since 2 is bounded, 02 is compact and can thus 
be covered by finitely many such neighborhoods U’. The resulting estimates, 
together with the interior estimate of Theorem 11.2.1, applied to the comple- 
ment 2 of those neighborhoods in (2, yield the claim of Theorem 11.2.2. 


Corollary 11.2.1: In addition to the assumptions of Theorem 11.2.2, sup- 
pose that c(%) <0 in 2. Then 


lull c2,.0(@) < C16 (Ilflloa¢ay so Isllc2a(0)) : (11.2.33) 


Proof: Because of c < 0, the maximum principle (see, e.g., Theorem 2.3.2) 
implies 


< = iL 
sup Jul < max Jul + e17 =P If| max |g| + c17 we If| 


Therefore, the L?-norm of u can be estimated in terms of the C°-norms of f 
and g, and the claim follows from (11.2.21). 


11.3 Existence Techniques IV: The Continuity Method 


In this section, we wish to study the existence problem 


Iu=f mJ, 
u=g onds, 
in a C?:*-region Q with f € C%(2), g € C?:*(2). The starting point for 


our considerations will be the corresponding result for the Poisson equation, 
Kellogg’s theorem: 


Theorem 11.3.1: Let Q be a bounded domain of class C® in R¢, f € 
C%(2), g € C?*(2). The Dirichlet problem 
Au=f inf, 


11.3.1 
u=g onodn, ( ) 


then possesses a unique solution u of class C?°*(Q). 
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Proof: Uniqueness follows from the maximum principle (see Corollary 2.1.1). 
For the existence proof, we first assume that f and g are of class C'°°. The 
variational methods of Section 8.3 yield a weak solution, which then is of 
class C*°(Q) by Theorem 9.3.1. Moreover, by Corollary 11.2.1, 


lull caagay $41 (Iflloa(ay + Iiglloxe¢ay) (11.3.2) 


We now return to the C?*-case. We approximate f and g by C'-functions 
fr and gy, that are defined on 22. Let u,, be the solution of the corresponding 
Dirichlet problem 
Aty= fa Vo, 
Un = Jn on ON. 


For n > m, Un — Um then satisfies (11.3.2) on 9, ie., 


[Un — Umllo2.0(2) $e (II-n = Ffnlloa(ay + |l9n — Grallc2.a(a) . (11.3.3) 


Here, the constant c,; does not depend on the solutions; it depends only 
on the C?:°-geometry of the domain. We assume that f,, converges to f in 
C%(Q), and gp, to g in C?:*(Q), and so the uy, constitute a Cauchy sequence 
in C?*(Q) and therefore converge towards some u € C?:*(Q) that satisfies 


Au=f inf, 
u=g onds, 


and the estimate (11.3.2). 


We now state the main existence result of this chapter: 


Theorem 11.3.2: Let Q be a bounded domain of class C® in R%. Let the 
differential operator 


d 
3 oO? ; 3) 
L= ) “I (¢) ——— ) - 11.3.4 
aa @) Ontoni + <4 7 one” ae) ee) 


satisfy (A) and (B) from Section 11.2, and in addition, 
cz) <0 inn. (11.3.5) 


For any f € C%(2), g € C?*(Q) there then exists a unique solution u € 
C?:*(Q) of the Dirichlet problem 
Iu=f inf, 


11.3.6 
u=g ondg. ( ) 
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Remark: It is quite instructive to compare this result and its assumptions 
with Theorem 9.4.4 above. 


Proof: Considering, as usual, u = u — g in place of u, we may assume g = 0, 
as our problem is equivalent to 


We thus assume g = 0 (and write wu in place of a). We consider the family of 
equations 


TLu=f fordO<t<1, 


137. 
u=0 ond, ( ) 


with 
L,=tL+(1-tA. (11.3.8) 


The differential operators L, satisfy the structural conditions (A) and (B) 
with 


Az = min(1,A), Ay = max(1, A). (11.3.9) 


We have Lo = A, Li = L. By Theorem 11.3.1, we can solve (11.3.7) for t = 0. 
We intend to show that we may then also solve this equation for all t € [0, 1], 
in particular for t = 1. The latter is what is claimed in the theorem. 

The operator 


Ly: By = C?*(2)N{u:u=0 on ON} 3 C%(2) =: Bo 


is a bounded linear operator between the Banach spaces B; and Bg. Let u; 
be a solution of Liu; = f, uz = 0 on OQ. By Corollary 11.2.1, 


lull oaacay < ee llflloaca) 


lulle, < ca lLZiulle, (11.3.10) 


for all u € B,. Here, the constant co does not depend on t, because by 
(11.3.9), the structure constants A;, Ay of the operators L; can be controlled 
independently of t. 

We want to show that for any f € Bo there exists a solution u; of (11.3.7), 
ie., of Lyu, = f, in B,. In other words, we want to show that the operators 
LT, : By — Bg are surjective for 0 < t < 1. This, however, follows from the 
general result stated as the next theorem. With that result, we then conclude 
the proof of Theorem 11.3.2. 


302 11. Existence Techniques IV 


Theorem 11.3.3: Let Lo, L, : By + Bo be bounded linear operators between 
the Banach spaces By, Bz. We put 


[Iy:=(1-t)Lo4+tl, for0<t<1. 
We assume that there exists a constant c that does not depend on t, with 
lulls, <ellZiulle, for allu € By. (11.3.11) 
If then Lo is surjective, so is Ly. 


Proof: Let L, be surjective for some 7 € [0,1]. By (11.3.11), Z, then is 
injective as well, and thus bijective. We therefore have an inverse operator 


E>): Ba > Bi. 
For t € [0,1], we rewrite the equation 
Lu=f for fe Ba (11.3.12) 
as 
Lwuw=f+(L,—-Li)u= f+ (t—7)(Lou— Ly), 
or 
u= Lo f + (¢—T)LT* (Lo — Ln)u =: Au. 


Thus, for solving (11.3.12), we need to find a fixed point of the operator 
A: By, + Bg. By the Banach fixed point theorem, such a fixed point exists 
if we can find some gq < 1 with 


|Au— Avllp, <allu- oll, - 
We have 
|| Au — Av|| < |[Z7*]] (I|Zoll + ||Lal|) |é- 7| lle - aI] . 


By (11.3.11), |o5"|| <c. Therefore, it suffices to choose 


aaa es ; (c(||Loll + lZall))~* =: 


for obtaining the desired fixed point. This means that if L;u = f is solvable, 
so is Liu = f for all t with |t — T| < 7. Since Lo is surjective by assumption, 
L[, then is surjective for 0 < t < 7. Repeating the preceding argument, this 
time for 7 = 7, we obtain surjectivity for 7 < t < 2n. Iteratively, all DL, for 
t € [0,1], and in particular L1, are surjective. 


Basic references about Schauder’s approach are [1, 9]. Our treatment of the 
fundamental C°-estimate for the Poisson equation uses scaling relations in 
place of the usual weighted Holder spaces and is hopefully a little simpler. 
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Summary 
A solution of the Poisson equation 
Au = f 


with a-Hélder continuous f is contained in the space C?:®; i.e., it possesses 
a-Hélder continuous second derivatives for 0 < a < 1. (This is no longer true 
for a= 0 or a= 1. For example, if f is only continuous, a solution need not 
be twice continuously differentiable.) By linear coordinate transformations 
this result can be easily extended to linear elliptic differential equations with 
constant coefficients. Schauder then succeeded in extending these results to 
solutions of elliptic equations 


Lu(x) := S~a'3(z) oa) +> bi(n) + e(x)u(x) = f(a) 


4,7 a 


with a-Hoélder continuous coefficients, by considering such an operator L as 
a local perturbation of an operator with constant coefficients a’, b’, c. 
The continuity method reduces the solution of 


lu=f 


to that of the Poisson equation 


b 

= 

II 
Ss 


by considering the operators 
Ly=thb+(1-a 
for 0 <¢ <1, and showing that the set of ¢ € [0,1] for which 
Inu= f 
can be solved is open and closed (and nonempty, because the Poisson equation 
can be solved). The proof of closedness rests on Schauder’s estimates. 
Exercises 


11.1 Let K C R¢ be bounded, f, : K > R (n € N) a sequence of functions 
with 


IIfnlloacay < const (independent of n), 


for some 0 < a < 1. (Here and in the next exercise, in the case a = 1 we 
consider the space C° of Lipschitz continuous functions.) Show that 
then (fn)nen has to contain a uniformly convergent subsequence. 
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11.2 Is it true that for all domains QC R4,0<a<6 <1, 


CPQVec(a\: 


11.3 Let u € C%*(Q) satisfy 


Lu=f 


for some f € C**(2) (k € N,0 < a < 1). Here, we assume that the 
operator L from (11.2.1) satisfies the ellipticity condition (A) as well as 


ig Cllor.a(9) <K 


ll ome a) ’ Ol crea) || 


for all i, 7. Show that u € C*+?:%() for any 29 CC 2, and 
Ile|| ca+2,0(9) = elf llcea¢a) =P Ilell r2a)), 


with a constant c depending on K and the quantities of Theorem 11.2.1. 


12. The Moser Iteration Method and the 
Regularity Theorem of de Giorgi and Nash 


12.1 The Moser—Harnack Inequality 


In this chapter, as in Chapter 9, we shall consider elliptic differential operators 
of divergence type. In order to concentrate on the essential aspects and not 
to burden the proofs with too many technical details, in this chapter we shall 
omit all lower-order terms and consider only solutions of the homogeneous 
equation. Thus, we shall investigate (weak) solutions of 


Lu= s = (c%@ jn) = 0, 


1,j=1 


where the coefficients a’ are (measurable and) bounded and satisfy an ellip- 
ticity condition. We thus assume that there exist constants 0 < A < A < co 
with 


d 


AlEP < So a (a) Eg; (12.1.1) 


ij=l 
for all x in the domain of definition Q of u and all € € R%, and 


sup |a’? (x)| <A. 


19,0 


Definition 12.1.1: A function u € W!?(Q) is called a weak subsolution of 
L, and we write this as Lu > 0, if for all p € Hy (2); pr>d0ing, 


| Sail (x) DiuDjpde < 0. (19.1.9) 
Cree 
ij 


Similarly, it is called a weak supersolution (Lu < 0), if we have > in (11.1.2). 


Inequalities like y > 0 are assumed to hold pointwise almost everywhere, here 
and in the sequel. Likewise, sup and inf will denote the essential supremum 
and infimum, respectively. Finally, as always, f will denote the average mean 
integral: 
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1 
pdx = — | dz. 
i: |2| Jo 


In order to familiarize ourselves with the notions of sub- and supersolutions, 
we shall demonstrate the following useful lemma. 


Lemma 12.1.1: (i) Let u be a subsolution, i.e. u € C?(Q), Lu > 0, and 
let f € C?(R) be convex with f’ > 0. Then f ou is a subsolution as 
well. 

(ii) Let u be a supersolution, f € C?(R) concave with f’ > 0. Then fou is 
a supersolution as well. 
(iii) Let u be a solution, and f € C?(R) convex. Then f ou is a subsolution. 


Proof: 


oe Ou ., Ou Ou 
Lou) = os (ewes) =") Det Me + whey 


(12.1.3) 


which implies all the inequalities claimed. 


We now wish to verify that the assertions of Lemma 12.1.1 continue to hold 
for weak (sub-, super-)solutions. We assume that f’(u) and f”(u) satisfy 
approximate integrability conditions to make the chain rules for weak deriva- 
tives 


Di(f ou) = f'(u)Di(u) 
and 
Dif ou) = Pf wDwe. fort—1,...d 
valid. (By Lemma 8.2.3 this holds if, for example, 
sup |f’(y)| + sup | f"(y)| < cx.) 
yER yER 
We obtain 
| x a! Di(f ou)Djyp =/(> a’! f'(u) DyuDjp 
2G id 
= [ NeoiDuv, swe) 
tJ 
_ 1s a’! Djuf!’ (u) Djug. 
44) 


The last integral is nonnegative because of the ellipticity condition, if f is 
convex, ie., f’(u) > 0, and y > 0, and consequently yields a nonpositive 
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contribution because of the minus sign in front of it, if u is a weak subsolution 
and f’(u) > 0. Therefore, under those assumptions 


[ de DilfowDye <0, 
a" 


and f ow is a weak subsolution. 
In the same manner, one treats the weak versions of the other assertions 
of Lemma 12.1.1 to obtain the following result: 


Lemma 12.1.2: Under the corresponding assumptions, the assertions of 
Lemma 12.1.1 hold for weak (sub-,super-)solutions, provided that the chain 
rule for weak derivatives is satisfied for f € C?(R). 


From Lemma 12.1.2 we derive the following result: 


Lemma 12.1.3: Let u € W1?(2) be a weak subsolution of L, andk € R. 
Then 


v(x) := max(u(z), k) 

is a weak subsolution as well. 
Proof: We consider the function 

f:ROR, 

f(y) = max(y, k). 
Then 
v=fou. 

We approximate f by a sequence (fn)nen of convex functions of class C? 


with 


fo(u) = fu) fory¢ (k~ Zk +) 


and 


lfn(y)| <1 for all y. 


Then, as in the proofs of Lemmas 8.2.2 and 8.2.3, by an approximation ar- 
gument, f, ou converges to v = fou in W1?. Therefore, 


[ Neipwn,e = ae ji > 1a Dil fn ow) D3y 
3 = noo Jo ig 


<0 for y€ Hy(2),p>0 


by Lemma 12.1.2. 
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Remark: Of course, we also have a result analoguous to Lemma 12.1.3 for 
weak supersolutions. For k € R, if u€ W1?() is a weak supersolution, then 
SO is 
min(u(x), k). 
We now come to the fundamental estimates of J. Moser: 


Theorem 12.1.1: Let u be a subsolution in the ball B(xo,4R) CR? (R> 
0), and assume p> 1. Then 


2 s 
sup u<c (2) f (max(u(x),0))? dx} , (12.1.4) 

B(xo,R) p-1l B(xo,2R) 

with a constant c, depending only on d and 4. 


Remark: If u is positive, then obviously max(u,0) = u in (12.1.4), and this 
case will constitute our main application of this result. 


Theorem 12.1.2: Let u be a positive supersolution in B(xo,4R) CR. For 
O<p< 74, and if d > 3, then 


i 
f ude) <——? —. infu, (12.1.5) 
B(ao,2R) (a5 -?) B(ao,R) 


with cog again depending on d and 4 only. If d = 2, this estimate holds 
for any 0 < p < c, with a constant cy depending on p,d,4 


7D 
d 2 
C2 / (65 -p) ‘i 


Remark: In order to see the necessity of the condition p < a. we let L be 
the Laplace operator A and 


in place of 


u(x) = min (|z|?~“,k) for some k > 0. 
According to the remark after Lemma 12.1.3, because |2|?~¢ is harmonic on 
R?\ {0}, this is a weak supersolution on R@. If we then let k increase, we see 
that the L72-norm can no longer be controlled by the infimum. 
From Theorems 12.1.1 and 12.1.2 we derive Harnack-type inequalities for 
solutions of Lu = 0. These two theorems directly yield the following corollary: 


Corollary 12.1.1: Let u be a positive (weak) solution of Lu = 0 in the ball 
B(ao,4R) CR? (R> 0). Then 


sup u<c3 infu, 12.1.6 
B(ao,R) : B(xo,R) ( ) 


with cz depending on d and 4 only. 
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For general domains, we have the following result: 


Corollary 12.1.2: Let u be a positive (weak) solution of Lu = 0 in a domain 
Q of R*, and let Q CC 2. Then 


supu < cinfu, (12.1.7) 
Q 2 


with c depending on d, 2, 20, and 4. 


Proof: This Harnack inequality on 2 follows by the standard ball chain 
argument: Since Q% is compact, it can be covered by finitely many balls B; := 
B(«;,R) with B(2;,R) C Q (we choose, for example, R < } dist(02, 2 )), 
i= 1,...,N. Now let y1,y2 € 2; without loss of generality y1 € Br, yo € 
Brim for some m > 1, and the balls are enumerated in such manner that 
B; 0 Bj41 490 for j =k,...,k+m-—1. By applying Corollary 12.1.1 to the 
balls By, Beii,..-, we obtain 


u(y1) < sup u(a) < cg inf u(a) 
Br Br 


<cg sup u(z) (since Be N Beri 4 9) 
Bri 


< ¢3 inf u(a) <... 
bet 


< oe inf u(x) < cr tt u(ye). 
ktm 


Since y; and yo are arbitrary, and m < N, it follows that 


sup u(x) < 3’ tt inf u(x). (12.1.8) 


We now start with the preparations for the proofs of Theorems 12.1.1 and 
12.1.2. For positive u and a point x9, we put 


o(p, R) = Uf, - was) : 


Lemma 12.1.4: 


lim ¢(p,R) = sup u=: ¢(co, R), (12.1.9) 

Bes B(xo,R) 

li ,R) =_ inf =: @(—00, R). 12.1.10 
»lim,, o(p, R) Pte $(—00, R) ( ) 


Proof: By Hélder’s inequality, é(p, R) is monotonically increasing with re- 
spect to p. Namely, for p < p’ and u € L? (2), 
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1 > a ae ce 
Dp pp’ r) Pp’ ; p? 
(ait) sia a)” he") = Cae) 
|2| Jo |Q|p a 2 |2| Je 


Moreover, 


3 


1 P aa 
o(p, R) < (acm Loam” = d(co, R). (12.1.11) 


On the other hand, by the definition of the essential supremum, for any € > 0 
there exists some 6 > 0 with 


x € Bia, R): u(x) > sup u-ep|>o. 
B(xo,R) 
Therefore, 
u 1 
o(p, R) > soar | uP “2 (gata) ue 
D2 \ TBE, BY Juozmewe™ | = \ [Bo ' 
2eB(29, 
and hence 
lim ¢(p, R) > supu—e 
poo 
for any € > 0, and thus also 
lim ¢(p, R) > sup wu. (12.1.12) 
poco 


Inequalities (12.1.11) and (12.1.12) imply (12.1.9), and (12.1.10) is derived 
similarly (or, alternatively, by applying the preceding argument to +). 


Lemma 12.1.5: (i) Let u be a positive subsolution in Q, and for q > s, 
assume 


v:=ul € L?(2). 


For any n € Hy? (Q), we then have 


A? 2q ? 
21 Dy? < = | Dy)? v?. 12.1.13 
[iors (sq) [pare (12.1.18) 


(ii) If u is a supersolution instead, this inequality holds for q < 5. 


Proof: The claim is trivial for g = 0. We put 


f(u)=u*4 for q>0, 
f(u) =—u?4 for q <0. 
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By Lemma 12.1.2, f(w) then is a subsolution in case (i), and a supersolution 
in case (ii). The subsequent calculations are based on that fact. (In the course 
of the proof there will also arise integrability conditions implying the needed 
chain rules. For that purpose, the proof of Lemma 8.2.3 requires a slight 
generalization, utilizing varying Sobolev exponents, the Holder inequality, 
and the Sobolev embedding theorem. We leave this as an exercise for the 
reader.) As a test function in (12.1.2) (or in the corresponding inequality in 
case (ii), we then use 


yp = f'(u)- 7’. (12.1.14) 
Then 


i ) a’) (x) DiuD;y 
ij 
-| y ai DiuDjuf"(uyn? + f ) a! Diu f'(u)2nDjn 
as aS 
i,j ij 


= ) 2|q| (2q — 1) y, a) DyuDju wen? + | 4|q| y a) Diu wt Dyn. 
Q me Q a 
4,9 tJ 


(12.1.15) 


In case (i), this is < 0. Applying Young’s inequality to the last term, for all 
€ > 0, we obtain 


2 al (24 - A f [Dul? a2? < 2\q) Ae f [Dul? 2-1? 
2|q\ A 
+ lt fee [Dn . 


With 


we thus obtain 


fl I? oS _ | Pa |? 
Du” u 7, u-? | Dn 
= (2q — 1)? »? 


2.9 qd 2 2 
Do|* 7? < Dn|° . 
fl Hl ae (5,45) ic [Dn| 


In case (ii), (12.1.15) is nonnegative, and since in that case also 2g — 1 < 0, 
one can proceed analoguously and put 


1—2q¢ 
2 A 
to obtain (12.1.13) in that case as well. 


E= 
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We now begin the proofs of Theorems 12.1.1 and 12.1.2. Since the stated 
inequalities are invariant under scaling, we may assume, without loss of gen- 
erality, that 


R=1 and 2=0. 
We shall employ the abbreviation 
B,. := B(0,r). 
Let 


O<r <r<2r, (12.1.16) 


and let 7 € Hy’*(B,) be a cutoff function satisfying 


n=1 on B,, 
_ d 
7=0 on R°\B,, (12.1.17) 
|Dn| < i 
r= ff 


For the proof of Theorem 12.1.1, we may assume without loss of generality 
that wu is positive, since otherwise, by Lemma 12.1.3, we may consider the 
positive subsolutions 


Ug (2) = max(u(z), k) 


for k > 0 (or the approximating subsolutions from the proof of that lemma), 
perform the subsequent reasoning for positive subsolutions, apply the result 
to the vz, and finally let & tend to 0. 

We consider once more 


v=u! 
and assume that v € L?(2). By the Sobolev embedding theorem (Corol- 
lary 9.1.3), for d > 3, we obtain 


d—2 

“dd 
f yes 26; nf Du? + f v |. (12.1.18) 
Bol B Bod 


If d = 2 instead of 74, we may take an arbitrarily large exponent p and 
proceed analogously. We leave the necessary modifications for the case d = 2 
to the reader and henceforth treat only the case d > 3. With (12.1.13) and 


(12.1.17), (12.1.18) yields 


d—2 

~d 
f vt2 <cf v? (12.1.19) 
B B 


gl 
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with 


B< cs (5) & ) ! : . (12.1.20) 


Thus, we get v € Le2 (2). We shall iterate that step and realize that higher 
and higher powers of u are integrable. 
We put s = 2q and assume 


ls] >> 0, 


choosing an appropriate value for pz later on. Because of r < 2r’, then 


ri \? s \? 
c< ——_ 12.1.21 
c<a(—) (4) : ( ) 


with cg also depending on ps. Thus, by (12.1.19) and (12.1.21), since v = u?2, 
we get for s > p, 


ds, 
(sae) =| 
a. 
with c7 = cg. For s < —p, analogously, 


ds ) 1 yr! ~ Ts] 
(5) 2a (=) (8,7) (124,23) 


2 
(we may omit the term (3) ml here, since it is greater than or equal to 
1). 

We now wish to complete the proof of Theorem 12.1.1, and therefore, we 
return to (12.1.22). The decisive insight obtained so far is that we can control 
the integral of a higher power of u by that of a lower power of u. We now 
shall simply iterate this estimate to control even higher integral norms of u 
and from Lemma 12.1.4 then also the supremum of wu. For that purpose, let 


d n 
= ( Je for p> 1, 


d—2 
fm =14+2-”, 


t 
/ n 
T, =Tnt41> =: 


2 
Then (12.1.22) implies 
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$ (Sn41,Tr41) < C7 pai 7 (Sn; Tn) 
2 (74) =i 
d-2) P 
n(54,)"” 
= onlats) Ol Sas Ta), 
and iteratively, 
ny a = Pp 
b(Sn41;Tn41) S a a) $(s1,71) < ¢ (4) O(p,2). (12.1.24) 


(Since we may assume u € L?({2), therefore (sp, 7n) is finite for all n € N, 
and thus any power of wu is integrable.) Using Lemma 12.1.4, this yields 
Theorem 12.1.1. 

In order to prove Theorem 12.1.2, we now assume u > « > OQ, in order 
to ensure that ¢(0,r) is finite for 0 < 0. This does not constitute a serious 
restriction, because once we have proved Theorem 12.1.2 under that assump- 
tion, then for positive u, we may apply the result to u+. In the resulting 
inequality for u + ¢, namely 


f ter) 2.= "2 aes, 
B(ao,2R) (2 -p) B(ao,R) 


d—2 


we then simply let « — 0 to deduce the inequality for wu itself. 
Carrying out the above iteration analogously for s < —p with r, = 2+ 
2—”, we deduce from (12.1.23) that 


(1,3) < c106(—00, 2) < c104(—00, 1). (12.1.25) 
By finitely many iteration steps, we also obtain 


(p, 2) < c116(u, 3). (12.1.26) 


(The restriction p < “fs in Theorem 12.1.2 arises because according to 
Lemma 12.1.5, in (12.1.19) we may insert v = u? only for g < 5. The re- 


lation p = 2qq45 that is needed to control the L?-norm of wu with (12.1.19) 
-2 
by (12.1.20) also yields the factor (sos —p) in (12.1.15).) 
The only missing step is 


Inequalities (12.1.25), (12.1.26), (12.1.27) imply Theorem 12.1.2. For the 
proof of (12.1.27), we shall use the theorem of John—Nirenberg (Theo- 
rem 9.1.2). For that purpose, we put 


y] 
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1 
v=logu, p=—rA 


with some cutoff function n € Hj’?(B4). Then 
i" S > a DipDju = -{ oa Dwdye+ | 2n Sa") DinDjv. 
Ba i,j Ba Ba 
Since u is a supersolution, the left-hand side is nonnegative; hence 


| 7? |Dv|? < | PS - a DwD;v < af n>. a) DinDjv 
Bsa By Ba 


<2a(f 1? Del) (/ Pal?) 
Ba Ba 


by the Schwarz inequality, and thus 


2 
| i? Do? <4(4) | |Dy|?. (12.1.28) 
Ba Ba 


If now B(y, R) C Bs, 1 is any ball, we choose 7 satisfying 


7=1 on Bly, R), 
1 =0_ outside of B(y,2R)N Ba, 


6 
Dni < =. 
|Dnl < 5 
With such an 7, we obtain from (12.1.28) 
2 1 
|Du|" < Yq ~with some constant 7. 
B(y.R) i 


Thus, by Holder’s inequality 


| |Dv| < wasyRr?. 
Bly,R) 


Now let a be as in Theorem 9.1.2. With uw = applying that theorem to 


war/Y’ 
1 


1 
w= v= 
wWar/7 Wa /Y 


i eres 
Bs Bs 


log u, 


we obtain 


and hence 
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2 
O(u, 3) < Be O(-B, 3), 
and hence (12.1.27), thus completing the proof. 


A reference for this section is Moser [18). 


Krylov and Safonov have shown that solutions of elliptic equations that 
are not of divergence type satisfy Harnack inequalities as well. In order to 
describe their results in the simplest case, we again omit all lower-order terms 
and consider solutions of 


d a fa 
Mu:= S- ay (*) Faq u(x) = 0. 


ij=l 
Here the coefficients a‘/(x) again need only be (measurable and) bounded 
and satisfy the structural condition (12.1.1), ie., 


d 
MEP < So a (a)éE; for alle 2,€€ R4 


i,j=l 
and 


sup |a'#(x)| < A 
1,9, 8 
with constants 0 << \< A < oo. 
We then have the following theorem: 
Theorem 12.1.3: Let u € W?4(Q) be positive and satisfy Mu > 0 almost 
everywhere in B(xo,4R) C R¢. For any p > 0, we then have 


1/p 
sup u<c f uP dx 
B(xo,R) B(xo,2R) 


A 


with a constant c, depending on d, <, and p. 


Theorem 12.1.4: Let u € W-4(Q) be positive and satisfy Mu < 0 almost 


everywhere in B(xo,4R) C R*. Then there exist p > 0 and some constant ca, 
depending only on d and 4, such that 


1/p 
f uP dx <co infu. 
B(2xo,R) B(xo,R) 


As in the case of divergence-type equations (see Section 12.2 below), these 
results imply Harnack inequalities, maximum principles, and the Holder con- 
tinuity of solutions u € W?-4(Q) of 


Mu=0 almost everywhere 2 C R’. 


Proofs of the results of Krylov-Safonov can be found in Gilbarg—Trudinger [9]. 
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12.2 Properties of Solutions of Elliptic Equations 


In this section we shall apply the Moser—Harnack inequality in order to de- 
duce the Holder continuity of weak solutions of Lu = 0 under the structural 
condition (12.1.1). That result had originally been proved by E. de Giorgi 
and J. Nash independently of each other, and with different methods, before 
J. Moser found the proof presented here, based on the Harnack inequality. 


Lemma 12.2.1: Let ue Wt?(2) be a weak solution of L, i.e., 


d 
0 Bs 0 
Lu= 2 Dal (« (2) g7u(2)) > 0 weakly, 


with L satisfying the conditions stated in Section 12.1. Then u is bounded 
from above on any 29 CC 2. Thus, if u is a weak solution of Lu = 0, it is 
bounded from above and below on any such Qo. 


Proof: By Lemma 12.1.3, for any positive k, 
v(x) := max(u(x), k) 


is a positive subsolution (by the way, in place of v, one might also employ 
the approximating subsolutions f,, 0 u from the proof of Lemma 12.1.3). The 
local boundedness of v, hence of u, then follows from Theorem 12.1.1, using 
a ball chain argument as in the proof of Corollary 12.1.2. 


Theorem 12.2.1: Let u € W':?(Q) be a weak solution of 


d 


lu= 0 = («%@ pi) =0, (12.2.1) 


ij=l 


assuming that the measurable and bounded coefficients a") (x) satisfy the struc- 
tural conditions 


d 


AEP? < So a (x)&ie;, |a%(a)| <A (12.2.2) 


ij=l 


for all x € 2, € € R4, with constants 0 < \ < A < oo. Then u is Hélder 
continuous in 22. More precisely, for any 29 CC 22, there exist some a € 
(0,1) and a constant c with 


|u(x) — u(y)| < ela — y|® (12.2.3) 
for all x,y € Qo. a depends on d, 4, and 9%, c in addition on supa, u— 


inf, u. 
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Proof: Let « € 2. For R>0 and B(x, R) C 2, we put 


M(R):= Pe m(R) = oo 


(By Lemma 12.2.1, —oo < m(R) < M(R) < ov.) Then 
w(R) = M(R) = m(R) 
is the oscillation of u in B(a, R), and we plan to prove the inequality 
w(r) < co (S) (7) forO<r< 7 (12.2.4) 


for some a to be specified. This will then imply 


: w(R) 
u(x) — wu < sup u-— inf uw=wu(r)<c¢ 
(x) va. eur (r) < oa 


|x —y|°. (12.2.5) 


for all y with |x — y| = r. This, in turn, easily implies the claim. 
We now turn to the proof of (12.2.4): 
M(R)-—u and u—m(R) 


are positive solutions of Lu = 0 in B(«, R).1 Thus, by Corollary 12.1.1, 


S 
ele 
Sy 

| 

a 
a 

II 

n 

= 

Ke) 
cs 
| 
a 
SS 
N\ 
& 
os 
leary 
| 
Ea 
& 


(By Corollary 12.1.1, c; does not depend on R.) Adding these two inequalities 
yields 


M (4) m (4) < 271 4(R) — m(R)). (12.2.6) 


~eqt+l 


With 3 := 2 <1, thus 


' More precisely, these are nonnegative solutions, and as in the proof of Theo- 
rem 12.1.2, one adds ¢ > 0 and lets € approach to 0. 
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2(2) case 


Iterating this inequality gives 


R 
w (=) <J"w(R) forneN. (12.2.7) 
Now let 
R R 


We now choose a > 0 such that 


whence (12.2.4). 


We now want to prove a strong maximum principle: 


Theorem 12.2.2: Let u € W!?(Q2) satisfy Lu > 0 weakly, the coefficients 
a’) of L again satisfying 


Ale? eu eee |e? (a)|<a 


for all x € 2, € € R¢. If for some ball B(yo, R) CC Q, 


sup u=supu, (12.2.9) 
B(yo,R) Q 


then u is constant. 


Proof: If (12.2.9) holds, we may find some ball B(ao, Ro) with B(x, 4Ro) 
CM and 
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sup U=supu. (12.2.10) 
B(xo0,Ro) Q 


Without loss of generality supgu < oo, because supgiy,,z)u < co by 
Lemma 12.2.1. For 


M >supu 
2 
M — u then is a positive subsolution, and we may apply Theorem 12.1.2 to 


it. Passing to the limit, the resulting inequalities then continue to hold for 


M =sup uw. (12.2.11) 
Q 


Thus, for p= 1, we get from Theorem 12.1.2 


f (M-—u)<c inf (M-—u)=0 
B(x0,2Ro) B(xo,Ro) 


by (12.2.10), (12.2.11). Since by choice of M, we also have u < M, it follows 
that 


u=M (12.2.12) 
in B(ao,2Ro). 

Now let y € 2. We may find a chain of balls B(a;, Rj), i = 0,...,m, 
with B(x;,4R;) G 22, B(a;-1, Ri_1) NM B(a;, Ri) =a 0 for i = Lea 1, 
y € B(am, Rm). We already know that u = M on B(xp,2Ro). Because of 
B(xo, Ro) N B(a1, Ri) 4 0, this implies 


sup u=M, 
B(ai,R1) 


hence by our preceding reasoning 
uw=M_ on B(a1,2R1). 
Iteratively, we obtain 
u=M_ on B(tm,2Rm), 
and because of y € B(tm, Rm), 
u(y) = M. 
Since y was arbitrary, it follows that 


u=M inf?. 
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As another application of the Harnack inequality, we shall now demonstrate 
a result of Liouville type: 


Theorem 12.2.3: Any bounded (weak) solution of Lu = 0 that is defined on 
all of R¢, where L has measurable bounded coefficients a) (x) satisfying 


A= > a Wet, la" @| <A 
iJ 


for fixed constants 0 << A < oo and all « € R4, € € R4, is constant. 

Proof: Since u is bounded, infga u and supga u are finite. Thus, for any 
hw< ant U, 

u — pis a positive solution of Lu = 0 on R¢. Therefore, by Corollary 12.1.1 


O0< sup u-p<c (in uU— ) 
B(0,R) p ° B(O,R) r 


for any R > 0 and any p < infpa u, and passing to the limit, then this also 
holds for 


b= inf 


Since c3 does not depend on R, it follows that 


0O<supu—pw<cs (infu - 1) =0, 
Rd R¢ 


and hence 


u = const. 


12.3 Regularity of Minimizers of Variational Problems 


The aim of this section is the proof of (a special case of) the fundamental 
result of de Giorgi on the regularity of minima of variational problems with 
elliptic Euler-Lagrange equations: 


Theorem 12.3.1: Let F : R¢ > R be a function of class C® satisfying 
the following conditions: For some constants K,A < co, A > 0 and for all 
p=(pi,...,pa) € R¢: 


(i) |) |< Kl (i=1,.-.,0). 
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(ii) AEP? < TEM, < Ale? for all Ee RA. 


OpiOp; = 


Let 2 Cc R¢@ be a bounded domain. Let u € W1?(Q) be a minimizer of the 
variational problem 


I(v) = f PDu(a)ae, 


I(u) <I(u+y) for all y € Hy(2). (12.3.1) 
Then u € C™(22). 
Remark: Because of (i), there exist constants cy, c2 with 
|F(p)| < cr +c |pl?. (12.3.2) 


Since (2 is assumed to be bounded, this implies 
I(v) =i) F(Dv) < 
Q 


for all v € W?(Q). Therefore, our variational problem, namely to minimize 
TI in W1?(Q), is meaningful. 
We shall first derive the Euler-Lagrange equations for a minimizer of I: 


Lemma 12.3.1: Suppose that the assumptions of Theorem 12.3.1 hold. We 
then have for all p € Hy’? (2), 


d 
| S| Fp,(Du) Diy = 0 (12.3.3) 
2 ja1 
(using the abbreviation F,,, = Fal! 


Proof: By (i), 


d 
| Fa (DoyDip < aK | [Dv| [Del < €K ||Doll 20 |Pellza): 
i=l 


and this is finite for y,v € W17(). By a standard result of Lebesgue inte- 
gration theory, on the basis of this inequality we may compute 


d 


by differentiation under the integral sign: 
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are + ty) pos (Du +tDy)D (12.3.4) 
—I(u = (Du iY. “38 
dt ~ ; Pi P)LiP 
In particular, [(u+ ty) is a differentiable function of t € R, and since u isa 


minimizer, 


d 
qilu + ty)le-0 = 0. (12.3.5) 


Equation (12.3.4) for t = 0 then implies (12.3.3). 


Lemma 12.3.1 reduces Theorem 12.3.1 to the following: 
Theorem 12.3.2: Let A’: R¢ > R,i=1,...,d, be C®-functions satisfying 
the following conditions: There exist constants K,A < co, A > 0 such that 
for all p € R@: 

(i) |A*(p)|<K|p| G=1,...,4). 

(4) IEP < Dojo Pb; for all € € RY. 


(iti) 52 | <A 


Let u € W'?(Q) be a weak solution of 


d 
x ? AD) =0 nmQcR%, (12.3.6) 
= Ox" 
i.e., for all p € HQ), let 


d 
| S| A'(Du) Dig = 0. (12.3.7) 
Q 


i=1 
Then u € C®(22). 


The crucial step in the proof will be Theorem 12.2.1, of de Giorgi and 
Nash. Important steps towards Theorem 12.3.2 had been obtained earlier 
by S. Bernstein, L. Lichtenstein, E. Hopf, C. Morrey, and others. 


We shall start with a lemma. 


Lemma 12.3.2: Under the assumptions of Theorem 12.3.2, for any Q' CC 
Q we have u € W?:?(Q'), and moreover, lullw22cey S ¢llullys.2ca), where 
c= c(A, A, dist(.2’,02)). 


Proof: We shall proceed as in the proof of Theorem 9.2.1. For 
|h| < dist(supp y, 02), 


~r,—n(a) == v(x — hex) (ex being the kth unit vector) is of class Hy’?(Q) as 
well. Therefore, 
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d 


. [LA Dua) Doer-nla)ae 
3 A'(Du(2)) Diip(a — hex) da 
7 I, > A'(Duly + hex) Dig(u)ay 
[4 ven De 


i=1 
Subtracting (12.3.7), we obtain 


is (A’(Du(x + hex)) — A'(Du(z))) Div(x) = 0 


(12.3.8) 
For almost all x € 22 


A’ (Du(a + he,)) — A’(Du(z)) 


= [ “ A’ (tDu(x + hex) + (1 — t)Du(2)) dt 
> dt 


ii d 
= | 3 Ay, (tDu(a + hex) + (1 — t)Du(a)) D; (u(a + hex) -— 7) dt 
0 \5a 


(12.3.9) 
We thus put 
(2) 3= | Ay, (¢Du(x + hex) + (1 — t)Du(z)) dé, 
0 
and using (12.3.9), we rewrite (12.3.8) as 


I De ai) (x)D; (“ + hex) — u(z) 


* ) Diy(x)dx = 0. 


(12.3.10) 
Here, because of (ii) and (iii), 


AEP SDJ ay (w)&igj < AIg|’ for all EE R*. 
ij 
We may thus proceed as in Section 9.2 and put 


p= 5 (u(t hex) — ule) 9? 
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with 7 € C4(2”), where we choose 2” satisfying 
7 cence 2, 


dist(Q”, OQ), dist(Q’, 0.2") > 4 dist(.Q’, AQ), and require 


|Dn| < dist(Q,00)’ 
as well as 

\2h| < dist(Q”, 02). 
Using the notation 


oe u(a + ner) - ay 


(12.3.10) then implies 


aff |DARul” " *s [Dat u) (Di Aku) 1? 


ee 2n(Din) Aku by (12.3.10) 


aj 


ced f |DARul? += = | Abu? |Dn|’ for all e > 0, 


and with « = mae 


i; Datu) 1? <a [ [Atul <a [ |Dul” 
Q Qu Q 


by Lemma 9.2.1, with c; independent of h. Hence 
|| PAEe|| 207) < ¢ ||Dull paca) - (12.311) 


Since the right hand side of (12.3.11) does not depend on h, from Lemma 9.2.2 
we obtain D?u € L?(’) and the inequality 


|| D° ull p2 $e | Dull r2 (2) . (12.3.12) 


(2') 


Consequently, u € W?:?(Q’). 
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Performing the limit h — 0 in (12.3.10), with 


a) (x) := A, (Du(2)), 


(12.3.13) 
v:= Dru, 


we also obtain 


t > 49 («)DjvDip =0 for all y € Hy*(2). 
IC cans 
ij 


By (ii), (iii), (@”7(x))i,j=1,....a Satisfies the assumptions of Theorem 12.2.1. 
Applying that result to v = D,u then yields the following result: 


Lemma 12.3.3: Under the assumptions of Theorem 12.2.1, 


Due C*(2) 
for some a € (0,1), «e., 
u € Ch*(22). 
Thus v = Dzu, k= 1,...,d, is a weak solution of 
d 
S> Dj (a9 (x) Djv) = 0. (12.3.14) 
ij=r 


Here, the coefficients a‘) (a) satisfy not only the ellipticity condition 


d 
AlEP < So a(x) &ie;, |a%(a)| <A 


4,7=1 


for all € € R¢, x € 2, i,j =1,...,d, but by (12.3.13), they are also Hélder 
continuous, since A‘ is smooth and Du is Hélder continuous by Lemma 12.3.3. 
For the proof of Theorem 12.3.2, we thus need a regularity theory for such 
equations. Equation (12.3.14) is of divergence type, in contrast to those 
treated in Chapter 11, and therefore, we cannot apply the results of Schauder 
directly. However, one can develop similar methods. For the sake of variety, 
here, we shall present the method of Campanato as an alternative approach. 
As a preparation, we shall now prove some auxiliary results for equations of 
type (12.3.14) with constant coefficients. (Of course, these results are already 
essentially known from Chapter 9.) 


The first result is the Caccioppoli inequality: 
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Lemma 12.3.4: Let (A); j<1,...4 be a matrix with |A%| <A for all i,j, 
and 


d 
Ale? < DO AMEE; for all Ee RA 
ij=l 
with X>0. Let u€ Wt?(2Q2) be a weak solution of 


d 
N° Dj; (AY Diu) =0 in Q. (12.3.15) 


ij=l 


We then have for all zo € Q and0 <r < R< dist(xo, 02) and all we R, 


C2 2 
Du? < eo f le — pl. (12.3.16) 
-_ (R=7)? Jas ieee 


Proof: We choose n € Hy’*(B(xo, R)) with 


O0<n7<l, 
n=1 on B(ag,r), hence Dy =0 on B(29,1r), 
2 
Dy| < ——. 
|Dnl < p— 


As in Section 9.2, we employ the test function 


p= (up)? 
and obtain 
0= [pS AY DyuD; ((u— )n’) 
a,j 
= (o> A DyuDjurn? + / A! Dyu(u — p)nD;n. 
i,j tJ 


Using the ellipticity conditions, we deduce the inequality 


|Dul?n? <| A" DyuD jun? 
B(axo,R) 2 / 


<ecAd |Dul? 1? 
B(xo,R) 


r 
B(ao,R) 


A 
+2af [Dn |u— pl? 
€ J B(«o,R)\B(xo,r) 
a» 


since Dn =OQOon B(axo,1). Hence, with e= 444. 
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C2 2 
Du P< oe | ju — pl? 
_ (Rm ©)? J ate, Bed 


and because of 


| \Dul? < | \Dul? r? 
B(xo,r) B(xo,R) 


the claim results. 


The next lemma contains the Campanato estimates: 


Lemma 12.3.5: Under the assumptions of Lemma 12.3.4, we have 


Tr d 2 
Jul? < es (= | |u| (12.3.17) 
[.. (z) B(ao,R) 


as well as 
i 


2 d+2 2 
|u — wB(2o,r)| <4 ($) |u — wp(eo,R)| .  (12.3.18) 
B(xo,r) , B(xo,R) 


Proof: Without loss of generality r < £. We choose k > d. By the Sobolev 
embedding theorem (Theorem 9.1.1) or an extension of this result analogous 
to Corollary 9.1.3, 


W*?(B(ao, R)) C C°(B(ao, R)). 
By Theorem 9.3.1, now u € W*? (B (ao, £)), with an estimate analogous to 
Theorem 9.2.2. Therefore, 


d 
Tr 
ul? <esr* sup ul’ < cea lulls, R 
I. B(a«o,r) Ra-2k wer 2(B(ao, 2 )) 


d 

is 2 
2a | jul? 

Ré B(xo,R) 


(Concerning the dependence on the radius: The power r@ is obvious. The 
power R¢@ can easily be derived from a scaling argument, instead of carefully 
going through all the intermediate estimates.) This yields (12.3.17). Since 
we are dealing with an equation with constant coefficients, Du is a solution 
along with u. For r < £. we thus obtain 


d 
| |Dul? < oma | |Dul?. (12.3.19) 
B(xo,r) R B(2o,#) 


By the Poincaré inequality (Corollary 9.1.4), 


d 


2 
| |u — UB(eo,r)| < csr? | |Dul?. (12.3.20) 
B(ao,r) B(xo,r) 
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By the Caccioppoli inequality (Lemma 12.3.4) 


Cg 2 
|Dul? < al |u — UB(,R)| - (12.3.21) 
— R? B(xo,R) ; 


Then (12.3.19)-(12.3.21) imply (12.3.18). 


We may now use Campanato’s method to derive the following regularity 
result: 


Theorem 12.3.3: Let a(x), i,j =1,...,d, be functions of class C*, 0 < 
a <1, on QCR%, satisfying the ellipticity condition 


d 


dé? < N° a (x)bi€; for all€ ER4,2E2 (12.3;22) 
ij=l 
and 
|a¥(x)| <A for all x € 2,i,j =1,...,d, (12.3.23) 


with fixed constants 0 <A< A< oo. Then any weak solution v of 
d 

S> D; (a7(2) Dx) =0 (12.3.24) 

ij=l 
is of class Ch’ (Q) for any a! with0O <a! <a. 
Proof: For x9 € 2, we write 

a’? = a"3 (aq) + (a’ (x) = a’) (x9)) . 
Letting 
AY := a'(a), 


(12.3.24) becomes 


d d d 
y D; (A¥ D;v) = oD D, ((a’! (xo) - a‘ (x)) Djv) = > D; (ae (x)) 
with 
fila) = 2 (a) (ao) — a" (x) Div) . (12.3.25) 


This means that 
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d d 
| + AN DwDie = | N° fiD;p for all p € Hy"(Q). —(12.3.26) 
Q Ca 
g=l 


ij=l 
For some ball B(x, R) C 2, let 
w € H*(B(zo, R)) 


be a weak solution of 


d 
D,(A“D;w) =0 in B(xo, RB), 
X i{ me (12.3.27) 
w=v_ on OB(ao, R). 
Thus w is a solution of 

d es 

| > AV DywDjp =0 for all y € Hy (B(ao,R)). —_ (12.3.28) 

B(axo,R) 4,j=1 


Such a w exists by the Lax—Milgram theorem (see Appendix 12.3). Note that 
we seek z = w — v with 


B(y, z) = [ DAiDed;e 
= f Lav pwn,¢ 


: F(y) for all y € Hy’? (B(ao, R)). 


Since (12.3.27) is a linear equation with constant coefficients, then if w is 
a solution, so is D,w, k = 1,...,d (with different boundary conditions, of 
course). We may thus apply (12.3.17) from Lemma 4.3.5 to u = D,w and 
obtain 


d 
i |\Du|? < ero (4) | \Dw|?. (12.3.29) 
B(ao.r) RY JB(eo,R) 


(Here, Dw stands for the vector (Diw,..., Daw).) Since w = v on OB(a0, R), 
yp =v—w is an admissible test function in (12.3.28), and we obtain 
| 2 AY D;wD;w =| S- Ad DywDyv. (12.3.30) 
B(wo,R) 5 j=1 B(wo,R) 5 j=1 


Using (12.3.27), (12.3.23) and the Cauchy—Schwarz inequality, this implies 


Ad\” 
| |Dw|? < (=) i |Do?. (12.3.31) 
B(eo,R) A J JB(20,R) 
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Equations (12.3.26) and (12.3.28) imply 


d d 
[ yo ASD,(v~ u)Dyo = f dF Die 
B(2xo,R) ij=l B(xo,R) ij=l 


for all y € Hj’?(B(xo, R)). We utilize once more the test function y = v— w 
to obtain 


1 - 
- eau se = > A" D,(v — w)D;(v — w) 
B(xo,R) A B(xo,R) ing 


1 | | 
=F f?D;(v—w) 
A seh ’ 


1 
1 | 2\° 5/2 
at wwe} | f p 
a ( B(20,R) amie | 


by the Cauchy—Schwarz inequality, i.e., 


1 12 
|D(v — w)| < xf fil. (12.3.32) 
-— \? B(«xo,R) yy | | 


i 
2 


We now put the preceding estimates together. For 0 < r < R, we have 


y |Du|? < 2 | |Dw|? + 2 | |D(v — w)|? 
B(xo,r) B(xo,r) B(xo,r) 


d 
<on (= |Du? +2 Dw —w)/? 
R 
B(xo,r) B(axo,r) 


by (12.3.29), (12.3.31). Now 


| |D(v — w)|? < | |D(v—w)|/?, sincer<R 
B(xo,r) B(xo,R) 
1 | (2 
2 fil? by (12.3.32) 
a 2 | 
1 ij ij 2 2 
< jz sup la (ap) —a (x)| |Dv| 
2€B(xg9,R) B(xo,R) 
by (12.3.25) 
= cok | |Dv|’, 
B(xo,R) 
(12.3.33) 


since the a’! are of class C®. Altogether, we obtain 
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d 
|Du?? <7 ((j) + re) | |Dv|? (12.3.34) 
Blsee) R B(ao,R) 


with some constant y. If (12.3.34) did not contain the term R?% (which is 
present solely for the reason that the a‘ (2), while Hélder continuous, are not 
necessarily constant), we would have a useful inequality. That term, however, 
can be made to disappear by a simple trick. For later purposes, we formulate 
a somewhat more general result: 


Lemma 12.3.6: Let o(r) be a nonnegative, monotonically increasing func- 
tion satisfying 


a(r)<¥7 (5) + 5) o(R) + KR” 


for alO0 <r<R< Ro, with w>v and o < do0(7, u,v). If 9 ts sufficiently 
small, forO<<r<R< Ro, we then have 


a(r)<m (5) o(R) + Kir”, 


with 7 depending on y, u,v, and kK; depending in addition on kK (Kk, = 0 if 
k= 0). 


Proof: Let 0<7<1, R < Ro. Then by assumption 
a(TR) < yr" (1467) o( R) + KR”. 
We choose 0 < 7 < 1 such that 
Qyrt = 7% 
with vy < A < pw (without loss of generality 27 > 1), and assume that 
doT * <1. 
It follows that 
o(tR) < 7%0(R) + KR” 
and thus iteratively for k € N, 
a(7**1R) < 7r4o0(7*R) + wr” R” 
< rt) Ag(R) + er” RY 3 piv) 


j=0 
< yor Rt Dy (o(R) + «R”) 


(where yo, as well as the subsequent 71, contains a factor +). We now choose 
k € N such that 
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rR cr < err, 


and obtain 


Continuing with the proof of Theorem 12.3.3, applying Lemma 12.3.6 to 
(12.3.34), where we have to require 0 < r < R < Ro with R2% < do, we 
obtain the inequality 


d—e 
| \Dvl? < e13 (5) i |Dv|? (12.3.35) 
B(2xo,r) , B(«xo,R) 


for each ¢€ > 0, where cj3 and Ro depend on ¢. We repeat this procedure, 
but this time applying (12.3.18) from Lemma 12.3.5 in place of (12.3.17). 
Analogously to (12.3.29), we obtain 


é pr \ d+2 2 
i | Dw - (Dw) B(eo,r)| < cia (F) | | Dw 7 (Dw) B(«0,R)| . 
B(xo,r) B(xo,R) 
(12.3.36) 
We also have 
2 2 
[(Bw-Dex)o.ml sf |Dw=(Do)a¢eo,m), 
B(xo,R) B(xo,R) 
because for any L?-function g, the following relation holds: 
2, 
| |9 — 96(0,m)| = ink i lg— al”. (12.3.37) 
B(axo,R) KER B(«o,R) 


(Proof: For g € L?(Q), F(«) := folg— «|” is convex and differentiable with 
respect to «, and 


hence F’(«) = 0 precisely for 


1 


K= TA) g; 
IQ Ja 


and since F' is convex, a critical point has to be a minimizer.) 


Moreover, 
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[, Pu- Dva¢e0.%)) 
B(axo,R) 


1 7 
_ a ; ae : R _ ., 

< — 2A (Diw — (Div) B(eo,n)) (Div — (Dj) B(eo,R)) 
1 _ 

—— a : =, : Ye . 

= a 2a (Diw — (Div) B(@o,r)) (Div — (Dj) B(wo,R)) 


i . 
yy AY Dd; D;v—D; 
"X -— x (Di) (e0,n) (Div — Djw) 


by (12.3.30). The last integral vanishes, since A‘! (Djv) p(2),R) is constant and 
v—w € Hy(B(xo, R)). Applying the Cauchy-Schwarz inequality as usual, 
we altogether obtain 


2 A? : 
| | Dw — (Dw) B(20,2)| S a © | [Dv — (Dv) 5(e0,n)| - 
Blzp,R) B(xo,R) 
(12.3.38) 


Finally, 


| |Dv - (Dv) B(20,7)|" < af |Dw — (Dw) B(wo,R)|" 
B(xo,r) B(axo,r) 


+3 / |Dv — Du|? 
B(2o,r) 


2 
43 | (Diseia=DWuleeun) 
B(xo,r) 


The last expression can be estimated by Holder’s inequality: 


2 
amd 
——s (Du—Dw)) < 3 | (Dv — Dw)?. 
[.... Com B(xo,r) B(xo,r) 


Thus 
2 
| | Dv = (Dv) B(ao,r)| 
B(xo,r) 
a 3 | [Dw ~ (Du) pol +6 f |Dv — Dw|? 
B(xo,r) B(xo,r) 


(12.3.39) 
< 3 | | Dw — (Dw) a(eo,r)| + ask | |Do|? 
B(xo,r) B(xo0,r) 


by (12.3.33). From (12.3.39), (12.3.36), (12.3.38), we obtain 
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[Pe Beam! 
B(xo,r) 


p\d+2 bn ‘5 
< C16 (=) | Dv _ (Dv) B(20,R)| +ci7R |Dov| 
R B(xo,r) B(ao,R) 


r ile 2 d—e+2a 
< C16 (5) |Dv — (Dv) B(29,r)| + cisk , 
B( 


(12.3.40) 


applying (12.3.35) for 0 < R < Ro in place of 0 < r < R. Lemma 12.3.6 
implies 


/ | Du — (Dv) B(@o.n)|" 
B(xo,r) 


r 


d+2a—e 2 
< C19 (5) | | Dv = (Dv) B(a,R)| + Gogrtt2e-*, 
B(axo,R) 


The claim now follows from Campanato’s theorem (Corollary 9.1.7). 


It is now easy to prove Theorem 12.3.2: 


Proof of Theorem 12.8.2: We apply Theorem 12.3.3 to v = Du and obtain 
v € Ch’, hence u € C?“’. We may then differentiate the equation with 
respect to z* and observe that the second derivatives Dj,u, j,k =1,...,4, 
again satisfy equations of the same type. By Theorem 12.3.3, then D?u € 
Cc". hence u € C?:". Iteratively, we obtain u € C”°™ for all m € N with 
0< am <1. Therefore, u€ C®. 


Remark: The regularity Theorem 12.3.1 of de Giorgi more generally applies 
to minimizers of variational problems of the form 


I(v) = | F(a,v(0), Dola))az, 


where F € C(x Rx Rx R®) again satisfies conditions like (i), (ii) of Theo- 
rem 12.3.1 with respect to p, and pets, v, p) satisfies smoothness conditions 
with respect to the variables x and v uniformly in p. 


References for this section are Giaquinta [7],[8]. 


Summary 


Moser’s Harnack inequality says that positive weak solutions u of 


Lu= y a (o(e) eeu) ) =0 
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satisfy an estimate of the form 


sup u< const inf u 
B(xo,R) B(xo0,R) 


in each ball B(«o, R) in the interior of their domain of definition 2. Here, 
the coefficients a’) need to satisfy only an ellipticity condition, and have to 
be measurable and bounded, but they need not satisfy any further conditions 
like continuity. Moser’s inequality yields a proof of the fundamental result of 
de Giorgi and Nash about the Holder continuity of weak solutions of linear 
elliptic differential equations of second order with measurable and bounded 
coefficients. These assumptions are appropriate and useful for applications to 
nonlinear elliptic equations of the type 


Ya (A7wC@ gre) = 0. 


Namely, if one does not yet know any detailed properties of the solution u, 
then, even if the A’ themselves are smooth, one can work only with the 
boundedness of the coefficients 


a3 (x) := A? (u(x). 


Here, a nonlinear equation is treated as a linear equation with not necessarily 
regular coefficients. 

An application is de Giorgi’s theorem on the regularity of minimizers of 
variational problems of the form 


/ F(Du(z)) de + min 


under the structural conditions 


(i) [$= (v)| < Kip, 
(ii) MEP < SFM ee, < Al€l? for all € € RY, 


OpiOp; 
with constants K,A < o,A>0. 


Exercises 
12.1 Formulate conditions on the coefficients of a differential operator of the 
form 


d 


lu= > a (0 (x) 


ij=l 


d 
gate) +3 gael edule) + ela)u(@ 


that imply a Harnack inequality of the type of Corollary 12.1.1. Carry 
out the detailed proof. 


12.2 As in Lemma 12.1.4, let 


1/p 
o(p, R) = UY, a is) 


for a fixed positive u: B(x, R) > R. 
Show that 


Exercises 


lim ¢(p, R) = exp f log u(a) dx | . 
po B(xo,R) 
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Appendix. Banach and Hilbert Spaces. 
The L?-Spaces 


In the present appendix we shall first recall some basic concepts from calculus 
without proofs. After that, we shall prove some smoothing results for L?- 
functions. 


Definition A.1: A Banach space B is a real vector space that is equipped 
with a norm ||-|| that satisfies the following properties: 

(i) ||z|| > 0 for alla € B, x £0. 

(ii) ||jax|| = |al-||z|| for alla eR, ce B. 
(iit) |la + yl] < |la|] + |ly|| for all a,y € B (triangle inequality). 

(iv) B is complete with respect to ||-|| (i.e., every Cauchy sequence has a 

limit in B). 
We recall the Banach fixed point theorem 

Theorem A.1: Let (B,|| - ||) be a Banach space, A C B a closed subset, 
f:A—>Bamap with f(A) C A which satisfies the inequality 


IIf(a) — FI S Alla — yl| for all x,y € A, 


for some fixed @ withO<@< 1. 
Then f has unique fixed point in A, that is, a solution of f(a) = x. 


For example, every Hilbert space is a Banach space. We also recall that 
concept: 


Definition A.2: A (real) Hilbert space H is a vector space over R, equipped 
with a scalar product 


(,):HxHoR 
that satisfies the following properties: 


(i) (a, y) = (y, x) for all x,y € H. 

(tt) (Avvat+A2%2,y) = Ar (21, y) +A2(x2, y) for all A1, A2 € R, 21, 22,y € H. 
(iti) (a,x) >0 for alla £0, x2 € H. 
(iv) H is complete with respect to the norm 


a 
Ill -= (@,@)?. 
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In a Hilbert space H, the following inequalities hold: 


— Schwarz inequality: 


(x,y) < [lal Ill (A.1) 


with equality precisely if « and y are linearly dependent. 
— Triangle inequality: 


Iz + ll < el] + ly. (A.2) 


Likewise without proof, we state the Riesz representation theorem: 


Let L be a bounded linear functional on the Hilbert space H, i.e., Lb: HR 
is linear with 


Then there exists a unique y € H with L(x) = (x,y) for alla € H, and 


| ZI] = [lvl - 


I|Z|| = = sup Ty 


The following extension is important, too: 


Theorem of Lax—Milgram: Let B be a bilinear form on the Hilbert space 
HT that is bounded, 


|B(x,y)| < K |lal||lyl| for all x,y € H with K < oo, 


and elliptic, or, as this property is also called in the present context, coercive, 


|B(a,x)| >Allxl|? for alla € H with \>0. 


For every bounded linear functional T on H, there then exists a unique y © H 
with 


B(x,y)=Tx forallax € H. 
Proof: We consider 
L,(x) = B(a, z). 
By the Riesz representation theorem, there exists Sz € H with 
(2, Sz) = Lx = B(a,z). 


Since B is bilinear, Sz depends linearly on z. Moreover, 
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|Sz|| < K |lz|. 
Thus, S is a bounded linear operator. 
Because of 
2 
Allz|l" < B(z, 2) = (2, Sz) < |l2l| Sz 
we have 


|Szl| > Allzl- 


So, S is injective. We shall show that S is surjective as well. In fact, there 
exists x £0 with 


(a,Sz)=0 forall ze H. 
With z= 2, we get 
(a, Sa) = 0. 
Since we have already proved the inequality 
(x, Sx) > d|lal|*, 


we conclude that « = 0. This establishes the surjectivity of S. By what has 
already been shown, it follows that S~1 likewise is a bounded linear functional 
on H. By Riesz’s theorem, there exists v € H with 


Tx = (a, v) 
=(a,Sz) for a unique z € H, since S is bijective 
= Ble.9) = 8,87" 0). 


Then y = $~!v satisfies our claim. 


The Banach spaces that are important for us here are the L? spaces: 
For 1 < p < ~, we put 


DL? (2) = {u : 2 — R measurable, 
with [[ully = [lull ancy = Ue lel? de]* < oo} 
and 
LD (QQ) = {u : 2 + R measurable, ||u||;..(q) := sup |u| < oo}. 


Here 
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sup |u| := inf{k ER: {x € 2: |u(x)| > k} is a null set} 


is the essential supremum of |u|. 
Occasionally, we shall also need the space 


LP 


loc 


(92) := {w: QR measurable with u € L?(2') for all 2’ CC NO}, 
l<p<o. 
In those constructions, one always identifies functions that differ on a null 


set. (This is necessary in order to guarantee (i) from Definition A.1.) 
We recall the following facts: 


Lemma A.1: The space L?(2) is complete with respect to |\-||,,, and hence 
is a Banach space, for 1 < p < oo. L?(Q) is a Hilbert space, with scalar 
product 


(u, Vv) 52(@) =) u(a)v(a)da. 
Q 
Any sequence that converges with respect to ||-||,, contains a subsequence that 


converges pointwise almost everywhere. For 1 < p < 00, C°(Q) is dense in 
L?(Q2); i.e., for w€ L?(Q) and e > 0, there exists w € C°(Q) with 


lu — wll, <e. (A.3) 
Holder’s inequality holds: If u€ L?(2), v € L4(Q2), 1/p+1/q=1, then 
[eS llelcocey Uellaacey: (Ad) 
Inequality (A.4) follows from Young’s inequality 
Pp bf 1 1 
ab<— +, ifab>0, pg>l, -+-=1. (A.5) 
Pp qd P @q 


To demonstrate this, we put 


A:= |lull,, B:=llell,, 


and without loss of generality A,B 4 0. With a := lute) b:= oo) (A.5) 
then implies 


(== a LAP LB 
AB ~~ pAP' qBa ” 


ie, (A.4). 
Inductively, (A.4) yield that if uy € LP!,...,Um € LP”, 


Appendix. Banach and Hilbert Spaces. The L?-Spaces 343 


| 
has 
ja Pi 
then 
i tty ~ttyn S [fell gor => Uletall gave (A.6) 


By Lemma A.1, for 1 < p < 00, C°() is dense in L?(Q) with respect to 
the L?-norm. We now wish to show that even C°°({2) is dense in L?(2). For 
that purpose, we shall use so-called mollifiers, i.e., nonnegative functions @ 


from C§°(B(0,1)) with 
[eae = 1; 


B(0,1) := {@ € R@: |x| <1}. 


Here, 


The typical example is 


1 . 
sen ‘ai (ata) for |x| <1, 


0 for || > 1, 


where c is chosen such that { odx = 1. For u € L?(Q), h > 0, we define the 
mollification of u as 


un(a) = Fa fo (7 *) wana, (4.7) 


where we have put u(y) = 0 for y € R¢ \ Q. (We shall always use that 
convention in the sequel.) The important property of the mollification is 


Un E CS” (R*) ‘ 


Lemma A.2: For u € C°(2), as h + 0, un converges uniformly to u on 
any CC 2. 


Proof: 


7 (A.8) 
= / o(z)u(a —hz)dz with z=". 
lz|<1 h 


Thus, if 2! CC 2 and 2h < dist(Q’, 02), employing 
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u(a) = - o(z)u(a)dz 


(this follows from Sizes o(z)dz = 1), we obtain 


sup |u — up| < sup / o(z) |u(a) — u(a — hz)| dz, 
Q eR J\z|<1 


< sup sup |u(x) — u(a — hz)|. 
GEM |z\<1 


Since wu is uniformly continuous on the compact set {x : dist(x, 2’) < h}, it 
follows that 


sup|u—u,|>0 for h— 0. 
QQ’ 


Lemma A.3: Let u € L?(2), 1<p<o. Forh—-0, we then have 
Iu — uallre (a) — 9. 


Moreover, up, converges to u pointwise almost everywhere (again putting u= 


0 outside of 2). 
Proof: We use Holder’s inequality, writing in (A.8) 
1 1 
o(z)u(x — hz) = o(z)* o(2) u(x — hz) 


with 1/p+1/q =1, to obtain 


Pp 


lun(2)IP < ( = ao) [einer nay ae 


/ eB o(z) |u(a — hz)|? dz. 


We choose a bounded 2’ with Q Cc 2’. 
If 2h < dist(.2,02'), it follows that 


I |un(x)|? da SF ics, o(z) |u(x — hz)|? dz dx 


= Com ule — hz)) ar) dz (A.9) 


< fut? dy 
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(with the substitution y = 2 — hz). For ¢ > 0, we now choose w € C°(2’) 
with 
Iu — wl 10.2) <eé 
(compare Lemma A.1). By Lemma A.2, for sufficiently small h, 
lw — walleoaan <E. 


Applying (A.9) to u— w, we now obtain 


lun (ae) — wp (2)/? dr < | lu(y) — w(y)[? ay 


.?] 9! 


and hence 
lu — Uallrecay S lu — wIleecay + lw — walleecay + lua — wallrecay 


< 2e + lu — wllrecaqr S 8e. 


Thus up converges to u with respect to ||-||,,. By Lemma A.1, a subsequence 
of u;,, then converges to u pointwise almost everywhere. By a more refined 
reasoning, in fact the entire sequence up, converges to u for h > 0. 


Remark: Mollifying kernels were introduced into PDE theory by K.O. Fried- 
richs. Therefore, they are often called “Friedrichs mollifiers” . 


For the proofs of Lemmas A.2 and A.3, we did not need the smoothness of p 
at all. Thus, these results also hold for other kernels, and in particular for 


il 
é(a) = {3 Peele; 


0 otherwise. 


The corresponding convolution is 


1 o> y Z 
ea as = = _, dy =: 
wle) = Gia fo (FS*) moda BEA doen © , tae 


ie., the average or mean integral of u on the ball B(z,r). Thus, analogously 
to Lemma A.3, we obtain the following result: 


Lemma A.4: Let u € L?(2),1<p<o. Forr +0, then 


fiw 
B(a,r) 


converges to u(x), in the space L?(Q2) as well as pointwise almost everywhere. 


For a detailed presentation of all the results that have been stated here with- 
out proof, we refer to Jost [12]. 


References 


1. 


L. Bers, M. Schechter, Elliptic equations, in: L. Bers, F. John, M. Schechter: 
Partial Differential Equations, pp. 131-299, Interscience, New York, 1964 


2. D. Braess, Finite Elemente, Springer, 1997 


3. I. Chavel, Figenvalues in Riemannian Geometry, Academic Press, 1984 
4. R. Courant, D. Hilbert, Methoden der Mathematischen Physik, Vols. I and I, 


16. 


17. 


reprinted 1968, Springer. 

Methods of mathematical physics, Wiley-Interscience, Vol. I, 1953, Vol. II, 1962, 
New York (the German and English versions do not coincide, but both are 
highly recommended) 


L.C. Evans, Partial Differential Equations, Graduate Studies in Math. 19, AMS, 
1998 


A. Friedman, Partial Differential Equations of Parabolic Type, Prentice Hall, 
1964 


M. Giaquinta, Multiple Integrals in the Calculus of Variations and Nonlinear 
Elliptic Systems, Princeton Univ. Press, 1983 


M. Giaquinta, Introduction to Regularity Theory for Nonlinear Elliptic Systems, 
Birkhauser, 1993. 


D. Gilbarg und N. Trudinger, Elliptic partial differential equations of second 
order, Springer, 1983. 


. F. John, Partial Differential Equations, Springer, 1982 


. J. Jost, Nonpositive Curvature: Geometric and Analytic Aspects, Birkhauser, 


Basel, 1997 


. J. Jost, Postmodern Analysis, Springer, 72005 
. J. Jost, Dynamical Systems, Springer, 2005 
. J. Jost, X. Li-Jost, Calculus of Variations, Cambridge Univ. Press, 1998 


. A. Kolmogoroff, I. Petrovsky, N. Piscounoff, Etude de I’ équation de la diffusion 


avec croissance de la quantité de la matiére et son application 4 un probleme 
biologique, Moscow Univ. Bull. Math.1, 1937, 1-25 


O.A. Ladyzhenskya, V.A. Solonnikov, N.N. Ural’tseva, Linear and Quasilinear 
Equations of Parabolic Type, Amer.Math.Soc., 1968 


O.A. Ladyzhenskya, N.N. Ural’tseva, Linear and Quasilinear Elliptic Equa- 
tions, Nauka, Moskow, 1964 (in Russian); English translation: Academic Press, 
New York, 1968, 2nd Russian edition 1973 


348 References 


18 


19 
20 


21 
22 
23 
24 


. J. Moser, On Harnack’s theorem for elliptic differential equations, Comm. Pure 
Appl. Math. 14 (1961), 577-591 


. J. Murray, Mathematical Biology, Springer, 1989 


. G. Strang, G. Fix, An Analysis of the Finite Element Method, Prentice Hall, 
Englewood Cliffs, N.J., 1973 


. J. Smoller, Shock Waves and Reaction-Diffusion Equations, Springer, 1983 
. M. Taylor, Partial Differential Equations, Vols. I-III, Springer, 1996 
. K. Yosida, Functional Analysis, Springer, 1978 


. E. Zeidler, Nonlinear Functional Analysis and its Applications, Vols. I-IV, 
Springer, 1984 


Index of Notation 


{2 always is an open subset of R?¢, usually bounded as well. 
Q' CC 2: The closure 2’ is compact and contained in (2. 
For y: 2 —R, the support of y (supp y) is defined as the closure of 


{x € 2: p(x) £ O}. 


PDE 
Ugi = itt for = Vong 
(0) ong) 


Au := eam Ui: = 0 

Rt := {t€R:t>0} 

Vu 

B(a,r) := {ye R¢: |x—y| <r} 
B(a,r) = {ye R4:|x—y| <r} 


- __ J x log|z—y| for d= 2 
a a fe jz—yl* ford>2 
Wd 

a 
OVy 
Vv 


u(zo) =, S(u, 70, r) = aE SaB(eo,r) u(x)do(x) 
u(zo) = K(u, 20,7) = ot Ja(e0.r) u(a)da 


1 : 
caexp ( 1) if0<t<1, 
o(t) = a 
0 otherwise, 


Tt(v) = {ye Q:IpER? Vee: v(x) < v(y)+p-(x«-y)$ 


ro(y) <= {p € R4: Va € D: v(2) < v(y) +p: (w-9)} 
La 
diam/(2) 


COUT NT ONO RRR 
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R? 51 
On = ANRE 51 
Ty; 52 
QQ, 52 
Uj(x) = i WP ie. 5! BH bg) — WE je. ) 

U7(x) = i (u(at, ekg OE lai oS SA a <a") 52 
A(x, y,t, to) = co exp (445) 80 
K(a,y,t) = A(x, y,t,0) = ie oe Sap 87 
LoS), 6 dt fre >d 97 
p(x, y,t) = ae = 127 
P, : CP(R¢) > CP(R?) 127 
Pog tf (2) 128 
T%: BoB 129 
D(A) 130 
Jyv i= hee Ne*T,uds for \>0 130 
DT, 132 
RQ, A) = (Ald—A)7! 133 
P(t, x; 8, E) 145 
C§° (A) := {y € C™°(A) : the closure of {x : v(x) 4 0} is compact 

and contained in A} 157 
D(u) := fo |Vu(a)/? de 158 
CK(Q) := {f € C*(Q) : the closure of {x : f(x) 4 0} is a compact 

subset of 2} (k = 1,2,...) 160 
v= Du 160 
w12() 161 
(u,v) w1.2(Q) = fourvtdn [Dat Dx 161 
Fully 2c) = Cs Wi acey 161 
H2(Q) 161 
Hy? (2) 161 
(Vif (2) = Ja le - ul"? Flu)ay 167 


a := (a1,..., Qa) 193 


Index of Notation 
Day = (ser) ++ (522) p for y € Cl#!(2) 


W?(Q) := {u € L?(Q) : Dau exists and is contained in L?(2) 
for all |a| < k} 

llullweo(ay = Ose Jo |Deul”) 
H®P(Q2) 

Hy? (2) 


IR 


I-llp = Wellce cay 

Du 

D*u 

(Vif )(x) = fole— yl fyay 
fy v(x) da = a Jig v(a)da 


|2| 

UB i= rl te u(y)dy 

|B| 

OSC 2 B(z,r) U = SUDy ye B(z,r)NQ |u(x) — u(y)| 
fec*(2) 

ell cm (a) = llell co¢g2) + SUP rye METH 
C®1(Q) 

Abu(e) = uated 0) 

supp Y 

domain of class C* 

ch(Q) 

(f,9) = Ja f(a) g(x)dx 

C*(22) 

Ch(Q) 


fe)— Fw) 
[floa(a) *= SUP2yea “feat 


II fllcx.e(a) 
II 
(5*) 
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193 
193 


193 


193 


193 
193 
193 
193 
193 
196 
198 
198 
200 
200 
203 
204 
204 
204 
208 
209 
218 
224 
230 
255 
255 
255 
255 
309 
309 
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L?(Q) = {u : 2 — R measurable, 

with [fully = [lull seca) = Ue lel? da] * < oo 
E?(Q)3= {u : 2 + R measurable, ||ul];.0(q) := sup |u| < oo} 
II-ll 
(u,v) 12(.9) = fg u(a)u(a)da 
un(2) = pa Spa 0 (7%) uly) dy 


311 


311 
312 
312 
313 
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a-Holder continuous, 230 

alternating method of H.A. Schwarz, 
66 

Arzela—Ascoli, 20 


Banach fixed point theorem, 337 

Banach space, 337 

barrier, 65, 74 

bilinear form, 201 

— coercive, 201, 338 

— elliptic, 201, 338 

boundary point 

— nonregular, 75 

boundary point lemma of E. Hopf, 
37, 89 

boundary regularity, 244, 248 

boundary value problem, 6 

boundedness, 245 
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Caccioppoli inequality, 324 

calculus of variations 
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Calderon—Zygmund inequality, 269, 
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Campanato estimates, 326 

Cauchy—Riemann equations, 1 

chain rule for Sobolev functions, 
191 

Chapman-Kolmogorov equation, 171, 
172 

compactness theorem of Rellich, 
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comparison theorem, 45 

concave, 40, 304 

constructive method, 53 

constructive technique, 6 

continuous semigroup, 155 

contracting, 155 

convex, 23, 304 


convolution, 90 

Courant’s minimax principle, 263 
Courant’s nodal set theorem, 267 
cutoff function, 236, 271, 272 


Darboux equation, 143 

delta distribution, 190 

difference equation, 53 

difference method, 53 

difference quotient, 234 

— forward and backward, 54 

difference scheme, 60 

— consistent, 60 

— convergent, 60 

differential equation 

— parabolic, 79 

differential operator 

— elliptic, 59 

— linear elliptic, 33 

diffusion process, 2 

Dirac delta distribution, 10 

Dirichlet boundary condition, 255 

Dirichlet integral, 185, 196, 200 

— transformation behavior, 199 

Dirichlet principle, 183, 196, 241 

Dirichlet problem, 14, 15, 25, 26, 
36, 46, 55, 66, 92, 183, 241, 297 

— weak solution, 245 

Dirichlet problem on the ball 

— solution, 14 

discretely connected, 54 

discretization 

— heat equation, 113 

discretization of the heat equation, 
113 

distribution, 10, 189 

distributional derivative, 189 

divergence theorem, 7 

Duhamel principle, 105 
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edge path, 53 

edges, 53 

eigenvalue, 128, 132, 135, 255 
eigenvalue problem, 259 
Einstein field equation, 3 
elliptic, 5, 43, 44 

elliptic differential operator 

— divergence type, 303 
elliptic regularity theory, 240 
ellipticity, 33, 245, 291 
ellipticity condition, 46 
energy, 142 

energy norm, 147 
equilibrium state, 2 
estimates of J. Schauder, 291 
Euler-Lagrange equations, 198, 200 
example of Lebesgue, 75 
existence, 6 

existence problem, 297 
extension of Sobolev functions, 250 
exterior sphere condition, 74 


first eigenvalue, 266 

Fisher equation, 125 

fixed point, 337 

fundamental estimates of J. Moser, 
306 

fundamental solution, 269 


gamma function, 100 
Gierer-Meinhardt system, 131 
global bound, 241 

global error, 60 

global existence, 123 

Green function, 11, 14, 25, 57 
— for a ball, 13 

Green representation formula, 9 
Green’s formulae, 7 

— first Green’s formula, 7 

— second Green’s formula, 7 


Hadamard, 6 
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Harnack inequality, 28, 314 

heat equation, 2, 79, 90, 110, 141, 
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— semidiscrete approximation, 114 

— strong maximum principle, 88 

heat kernel, 82, 104, 153, 174 

Hilbert space, 337 

Hille-Yosida theorem, 165 

Holder continuous, 281 

Holder’s inequality, 340 

Huygens principle, 146 

hyperbolic, 5 
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ary conditions, 254 

initial boundary value problem, 84, 
103, 106, 120 

initial value problem, 91, 140, 144, 
146, 154 

integration by parts, 186 

isolated singularity, 24 

iteration argument, 247 


Korteweg-de Vries equation, 2 


Laplace equation, 1, 9, 53, 55, 92 
— discrete, 55 

— discretized, 114 

— fundamental solution, 9 

— weak solution, 197 

Laplace operator, 1, 33, 175 

— eigenvalues, 255 

— rotational symmetry, 9 

— transformation behavior, 199 
Lax—Milgram theorem, 204 
linear, 8 

linear equation, 4 

Liouville theorem, 27 

Lipschitz continuous, 230, 281 
local error, 60 

local existence, 120 


Markov process, 172 


— spatially homogeneous, 173 
Markov property, 171 

maximum principle, 21, 24, 44, 46, 
67, 85, 93, 106 

discrete, 55 

— of Alexandrov and Bakelman, 40 
strong, 23, 62 

—— of weak subsolutions, 317 

— strong, E. Hopf, 37 

— weak, 23, 34 

Maxwell equation, 3 

mean, 224, 226 

mean value formula, 16 

mean value inequality, 20, 21 
mean value property, 17, 19, 114 
methods of Campanato, 324 
minimal surface equation, 3 
minimizing sequence, 196 
mollification, 18, 236, 341 
mollifier, 341 

Monge—Ampére equation, 2, 43, 44 
Morrey’s Dirichlet growth theorem, 
231 

Moser iteration scheme, 311 
Moser—Harnack inequality, 306, 315 


natural boundary condition, 253 
Navier-Stokes equation, 3 
Neumann boundary condition, 30, 
123, 127, 253, 255 

Neumann boundary value problem, 
12 

Newton potential, 269, 290 
nonlinear, 46, 334 

nonlinear equation, 4 

nonlinear parabolic equation, 119 
numerical scheme, 6 


parabolic, 5 

partial differential equation, 1 
pattern formation, 130 

periodic boundary condition, 13 
Perron Method, 62 
Picard-Lindel6f theorem, 119 
plate equation, 4 
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Poincaré inequality, 192, 197, 228, 
257, 262 

Poisson equation, 1, 24—26, 28, 201, 
297 

— discrete, 57 

— gradient estimate for solutions, 
26 

— uniqueness of solutions, 24 

— weak solution, 197, 205, 236 

Poisson representation formula, 14 

Poisson’s formula, 16 

propagation of waves, 2 


quasilinear equation, 4 


Rayleigh—Ritz scheme, 264 

reaction-diffusion equation, 120, 123 

reaction-diffusion system, 126, 130 

reduced boundary, 79 

regular point, 65 

regularity issues, 110 

regularity result, 236 

regularity theorem of de Giorgi, 
319 

regularity theory, 198 

— L-regularity theory, 274 

replacement lemma, 190 

representation formula, 14, 141 

resolvent, 159, 165 

resolvent equation, 160 

Riesz representation theorem, 235, 
338 


scalar product, 337 
Schauder estimates, 291 
Schnakenberg reaction, 131 
Schrodinger equation, 4 
Schwarz inequality, 338 
semidiscrete approximation of the 
heat equation, 114 
semigroup, 155, 156, 175 
— continuous, 155, 164 
— contracting, 155, 158, 173 
semigroup property, 172 
semilinear equation, 5 
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Sobolev embedding theorem, 220, 
224, 230, 240, 247, 251, 274, 326 

Sobolev space, 187, 219 

solution of the Dirichlet problem 
on the ball, 14 

solvability, 6 

spatial variable, 2 

stability, 6, 60 

stability lemma, 197 

strong maximum principle, 23 

— for the heat equation, 88 

— of E. Hopf, 37 

strong solution, 270 

subfunction, 63 

subharmonic, 20, 22, 23, 62 

subsolution 

— positive, 306 

— weak, 303 

—— strong maximum principle, 317 

superharmonic, 20 

supersolution 

— positive, 306 

— weak, 303 


theorem of Campanato, 232, 234 

theorem of de Giorgi and Nash, 
315, 321 

theorem of John and Nirenberg, 
225 

theorem of Kellogg, 297 

theorem of Lax—Milgram, 338 

theorem of Liouville, 319 

theorem of Morrey, 229, 230 

theorem of Rellich, 194, 251 

Thomas system, 131 

time coordinate, 2 

travelling wave, 124 

triangle inequality, 338 

Turing instability, 135 

Turing mechanism, 130, 136 

Turing space, 137 


uniqueness, 6 
uniqueness of solutions of the Pois- 
son equation, 24 


uniqueness result, 46 


variational problem 

— constructive method, 209 
— minima, 319 

vertex, 53 


wave equation, 2, 139, 141, 144, 
146, 148 

wave operator, 139 

weak derivative, 186, 190, 219, 235 

weak maximum principle, 23 

weak solution, 237, 241, 271, 274, 
284, 324 

— Holder continuity, 315 

weak solution of the Dirichlet prob- 
lem, 245 

weak solution of the Poisson equa- 
tion, 205 

weakly differentiable, 186 

weakly harmonic, 197 

Weyl’s lemma, 19 


Young inequality, 237, 340 
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